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Abstract 
Mith their unique transparent and conductive properties, TCO (transparent 
conductive oxide) coatings are becoming increasingly studied These commercially 
important coatings have a promising future due to their various applications as 
components in optoelectronic devices, photovoltaic solar cells, flat panel displays, 
electroluminescent devices, etc. Their high transmittance and low resistivity are 
generally achieved through the use of specific dopant materials, whilst adjustments 
are made to the deposition processes to improve the structure of the coatings. 
TCO coatings are commonly deposited by the magnetron sputtering process. 
Sputtering normally takes place from a solid plate, known as the target, of the 
material to be deposited. Clearly, each solid target can only be of a single 
composition. Thus, to change the compositions ofthe coatings, the whole target has to 
be replaced Furthermore, alloy, or doped targets can be very expensive and the 
choice ofavailable compositions is likely to be limited. 
In this project, instead of using solid targets, metal or ceramic powder blends were 
used as the targets. The powder blends were spread across the surface of a magnetron 
and lightly tamped down to produce a smooth surface. The benefits of this approach 
are that any material that is available in powderform can be considered as a target 
material and alloy or multi-component compositions can be readily blended 
The basic aim of this project, therefore, was to produce novel TCO coatings by 
magnetron sputteringfrom powder targets. The coatings were deposited in a specially 
designed rig with a number of important features, including a pulsed DC power 
supply and a closed magnetic field. The project concentrated on the production of 
xii 
commercially useful zinc oxide-based TCO coatings. Coatings were produced with 
different dopant materials and concentrations, and their optical and electrical 
properties were measured. After the coatings were annealed at 500 *Cfor 2 hours in 
vacuo, aluminum and gallium doped zinc oxide coatings showed their low resistivity, 
which were no larger than 5.19xI0-3S2cm, and the lowest resistivity was obtained 
from 3at% A 1-doped ZnO coating; 1.95 xI 00cm. The average transmittance in the 
visible range of the ZnO coatings was 90%. From this, optimal compositions were 
identified For comparison purposes, coatings were also produced of the TCO 
material most commonly used at present; namely ITO (Indium tin oxide). The results 
showed that ITO coatings generally had lower resistivity and visible transmittance, 
(4-6xlO-492cm and 80-8216), than doped ZnO coatings. Also, the electrical and 
optical properties of ITO coatings were very sensitive to the content of oxygen in the 
deposition atmosphere. Finally, theflexibility offered by this approach was exploited 
through the use of multi-component target compositions to produce TCO coatings 
with tailored optical and electrical properties. 
xiii 
1. INTRODUCTION 
Transparent conductive oxide (TCO) coatings, with their unique optical and electrical 
properties, are becoming increasingly important in the optical, electronic and 
semi-conductive industries. TCO coatings, deposited on glass or polymeric substrates, 
form components integral to many applications, including optoelectronic devices, 
photovoltaic solar cells, flat panel displays and electroluminescent devices [1-4]. 
Besides tin-doped indium oxide (ITO) coatings (the most commonly used TCO 
material at Present), doped zinc oxide coatings, with their wide band gap energy, high 
transparency, reasonably low resistivity, stable properties and, importantly, very 
competitive price are attracting increasing interest. Another trend in the study of TCO 
coatings is the move from single dopant composition to multi-dopant and 
multi-component materials to prepare novel coatings with tailored properties [5-11]. 
Many techniques can be used to produce TCO coatings, such as physical vapour 
deposition (PVD), chemical vapour deposition (CVD) and sol-gel, etc [12]. Of the 
PVD techniques, magnetron sputtering takes the ma or role. Normally sputtering 
takes place from a solid plate, or target, which only. allows a single composition per 
target. Thus, to investigate the effect of dopants and their concentrations on film 
properties requires many targets. This is not only inconvenient, but also very 
expensive. To overcome this problem, in this project targets were prepared from 
mixed powder blends, which required no further treatment, such as sintering. The 
advantages of preparing targets in this way are that any material that is available in 
powder form can be considered and alloy or multi-component compositions can be 
readily blended. This approach offers great flexibility to identify film compositions, 
which combine optimum optical and electrical properties. 
The magnetron sputtering technique has risen to its current prominent position 
amongst deposition techniques due to the introduction of a number of important 
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developments, including the unbalanced magnetron, closed field multiple magnetron 
systems and the pulsed magnetron sputtering process [13-19]. This project takes 
advantage of each of these developments in a specifically designed deposition system 
- the unbalanced rare earth magnets under target forms closed magnetic field with the 
dummy magnets on top ofthe chamber; Advanced Energy Pinnacle Plus pulsed DC as 
power supply to sputter the target; the copper back-plate of targets was recessed to 
support powder or their mixture as targets. 
The basic aim of this project, therefore, was to prepare novel TCO coatings by pulsed 
magnetron sputtering from blended powder targets. Firstly, this project concentrated 
on the production of commercially useful zinc oxide-based TCO coatings. The 
flexibility offered by the use of powder targets was exploited to investigate the 
effectiveness of a range of dopant materials and dopant concentrations on the optical 
and electrical properties of the films. Then, for comparison purposes, tin-doped 
indium oxide coatings were prepared by the same method. Finally, the production of 
TCO coatings with tailored properties was investigated through the use of new 
multi-dopant and multi-component target compositions. 
This thesis has been divided into a number of sections, detailed below: 
Chapter 2 reviews the background of Physical Vapour Deposition (PVD) processes 
from initial glow discharge plasmas to film formation, and finally to the development 
of the magnetron sputtering process. 
Chapter 3 concentrates on the basic concepts of semiconductors and the principles of 
transparent conductive oxide (TCO) coatings. 
Chapter 4 describes the modification of an existing powder coating rig. This work 
included the installation of mass flow controllers for the process gases, a Radio 
Frequency (RF) bias supply, a heater system for substrate annealing and a number of 
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safety devices. 
Chapter 5 briefly explains the analytical techniques used in this project for measuring 
film properties, including the four point probe, Van der Pauw's technique, 
spectrophotometry, scanning electron microscopy (SEM), Auger Electron 
Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XPS), Rutherford 
Backscattering Spectrometry (RBS)< Secondary Ion Mass Spectrometry (SIMS), 
X-ray diffraction, scratch testing and surface profilometry. 
Chapter 6 states and discusses the experimental techniques used in this project. 
Chapter 7 describes the effect of changing process parameters, such as pulse 
frequency and duty, target-to-substrate separations and magnetron configurations, on 
the operating characteristics of the rig, thickness and properties of the coatings. 
Chapter 8 shows the results of all coatings prepared in this project. This is sub-divided 
into the following sections: 
1. An investigation into powder mixing and target production techniques, and the 
determination of 'standard' operating conditions for regular, reproducible 
Al-doped ZnO (ZAO) film production, thus demonstrating the viability of 
depositing coatings from powder targets via pulsed magnetron sputtering. 
2. Investigating the effect of annealing temperature, time and atmosphere on the 
electrical and optical properties of Al-doped ZnO films, and identification of the 
optimum conditions. 
3. An investigation of the influence of other dopant materials and concentrations on 
the properties of zinc oxide coatings. Ga, In, Sn and Sb were chosen as dopants 
following a literature review (chapter 3). 
4. A study of the influence of process parameters on the structure and properties of 
the coatings. 
5. Preparation of ITO coatings by the same approach as the production of ZnO 
3 
coatings, to compare their optical and electrical properties. 
6. A study of multi-dopant compositions to optimize film properties. 
7. Comparison of the results of ZAO, ITO and multi-component coatings. 
Chapter 9 discusses the results of the coatings prepared above, and considers the 
success of the project in terms of its aims. 
Chapter 10 draws the conclusions of this project, and chapter II considers future work 
that might be undertaken. 
At the beginning of this project, a study was carried out into the effectiveness of a 
number of cleaning techniques for glass substrates. The results of this study have been 
included in this thesis as Appendix A. 
Appendix B explains a few terms of semiconductor physics, which help to describe 
band gap theory. 
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2. PHYSICAL VAPOUR DEPOSITION 
2.1 Definition of Physical Vapour Deposition 
Physical vapour deposition is a branch of surface engineering. It is appropriate, 
therefore, to first consider a definition of surface engineering: The design of surface 
and substrate together as a system to give cost effective performance enhancement of 
which neither is capable on its own [20]. 
Surface modification techniques and surface coating techniques are two major 
members in the surface engineering family. Processes, such as heat treatment, 
implantation, carburizing and nitriding etc. belong to the surface modification group. 
The surface coating group includes vapour phase processes (e. g. physical vapour 
deposition, and chemical vapour deposition), solution state processes (e. g. 
electroplating) and fusion processes (e. g. thermal spraying) [21-22]. 
Thus, a definition can now be given forphysical vapour deposition (PVD): a generic 
term for a number of processes used to deposit coatings, or films from by the vapour 
phase from solid sources under a partial vacuum [21-22]. 
Vacuum evaporation, ion plating and sputtering are three common PVD processes 
[23]. In evaporation processes, atoms are removed from the source by thermal means, 
whereas in ion plating processes the growing film is subjected to concurrent ion 
bombardment. In sputtering processes, such as that used in this project, atoms are 
ejected from the surface of a solid target by the impact of gaseous ions and then 
deposited on the surface of the substrate as a thin film. This process will be detailed 
later in this chapter. 
Vacuum evaporation, also called thermal evaporation, refers to a group of PVD 
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processes in which a vapour flux is created by heating the surface of a source material 
to a sufficiently high temperature in vacuum. The vapour flux can then condense onto 
a substrate as a thin film. 
Vacuum evaporation is the oldest, but still widely used PVD process, which began in 
the middle of 19'h century and developed in the first half of 20 th century [24]. The 
operating pressure is not higher than I X, 0-2 Pa, with the mean free path (MFP, the 
average distance between collisions occuring between species) no smaller than 5m 
[25]. The evaporated atoms undergo essentially collisionless transport from the source 
onto the substrate. The basic configuration of a vacuum evaporation system is shown 
in figure 2.1. 
Substrate holder 
Coating 
Vapour 
flux 
Source Crucible 
Vacuum Fj 
chamber To vacuum pumps 
Figure 2.1 schematic representation of a vacuum evaporation system 
(Typical operating pressure: O. OlPa; Deposition rate: <, um/min; Mostly metallic coatings 
with low energy-porous columnar structures) 
There are a number of ways to evaporate or sublimate the source, the most common of 
which are resistance heating, electron-beam gun heating and laser heating [26]. The 
limitations of resistance heating are that metallic source materials are needed for 
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direct resistive heating, and crucible contamination is possible due to the source 
material reacting with the walls of the crucible. Electron-beam guns eliminate the 
possible contamination effects caused by resistance heating and allow the deposition 
of dielectric films due to the incidence of high energetic electrons creating very high 
temperatures at the surface of the source. Laser heating has a similar principle to 
electron-beam heating, but can be located outside of the process environment. The 
disadvantage of it is the small heating point of which is easy to cause source spitting. 
At normal operating pressures, such as O. OlPa, evaporation processes are essentially 
, line-of-sight' deposition processes. This can lead to non-uniform coating thicknesses 
on complex components due to shadowing. This problem can be reduced by the 
introduction of a low partial pressure of an appropriate working gas to cause gas phase 
scattering of the vapour flux. If the working gas is a reactive gas (e. g. oxygen, or 
nitrogen) then compounds can be deposited (i. e., oxides, or nitrides) and the process is 
called reactive evaporation [26]. 
Ion plating: a group of PVD processes in which the substrate is bombarded by a flux 
of high-energy ions sufficient to cause appreciable sputtering on the surface of the 
substrate before and during film growth [27]. 
Ion plating, firstly reported in 1960s by Mattox [24], is a process in which a glow 
discharge is created close to the surface of the substrate by applying a DC or RF bias 
to the substrate. Ions from this discharge bombard the surface of the substrate before 
and during deposition. The source material is vaporized in the similar way to that of 
vacuum evaporation process, but the evaporated atoms pass through the gaseous glow 
discharge on their way to the substrate, which causes some of the vaporized atoms to 
be ionized. Before deposition, ion bombardment of the surface can clean and modify 
the substrate surface on an atomic scale, which results in improved adhesion of the 
film to the substrate and reduces the point stresses creating by defects on the surface 
[28]. Ion bombardment during film growth helps to create denser films with the 
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densities closer to that of the bulk materials [29]. Figure 2.2 shows the schematic 
representation of the ion plating process. 
-1000V DC, Substrate holder or RF bias 
(-ýCoating 71ý 
Glow discharge 
(plasma) 
Vapour flux 
+ Argon gas 
Source 
Vacuum 
chamber 
Crucible 
To vacuum pumps 
Figure 2.2 schematic representation of an ion plating system 
(Typical operating pressure: 1-0. IPa; Deposition rate: jim/min; Ion bombardment ofgrowing 
films; Metallic or ceramic coatings) 
The ion plating process can be carried out at gas pressures in the range of 1 -0.1 Pa, 
which is needed to sustain a glow discharge as well as scatter the vapour particles in 
all directions through numerous collisions to improve the overall coating of the 
substrate during film growth [27]. The energy of ions is crucial in the ion plating 
process to modify the growing film. Low (a few eV) energy ions cannot provide 
sufficient energy to overcome the lattice binding energies and substrate atoms will not 
be sputtered away, thus the substrate surface will not be cleaned completely. Ions with 
too high energy will cause excessive sputtering and damage of the growing films, 
which results in film defects and excessive film stresses. D. M. Mattox [301 showed in 
his study that ion energies in the range 50-3OOeV provide benefits to films, and any 
beyond to this range will cause detrimental effects. In general, films structure can be 
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dense, and adhesion to the substrate etc. be increased by suitable employment of the 
ion plating process over basic evaporation processes. 
The process can be enhanced by the addition of a filament; extra electrons with high 
energy collide with gas atoms, to increase the level of ionisation of the gas. Reactive 
gases (e. g. oxygen and nitrogen) can be introduced into the chamber in order to 
produce ceramic films (e. g. oxides and nitrides) from metallic sources [26]. Moreover, 
the development of ion plating processes also includes the sputter ion plating process, 
which will be described in more detail later. 
Another evaporation process worthy of mention is cathodic arc evaporation, a 
technique where the coating flux is generated by creating an arc that travels across the 
surface of the target [26]. At each point where the arc strikes, metal atoms and small 
droplets of target material are ejected from the target and can condense on the 
substrate as a coating. It is very different to normal vacuum evaporation because a 
large proportion of the metal atoms become ionised, so they can arrive at the substrate 
with high energy, which promotes the formation of dense coatings. The problem is 
that the droplets can result in defects in the films. Also arc evaporation can take place 
in any direction, whereas normal evaporation must take place upwards. It is an 
important industrial technique, but is not normally used for optical coatings because 
of the problems with defects. 
To describe in detail other PVD processes, such as sputtering, it is necessary to have a 
basic knowledge of plasmas and the theory of film growth. The following section will, 
therefore, give a description of sputtering processes. 
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Z2 Plasmas 
ZZI Glow discharge plasmas 
Plasmas were characterized in the mid-1920s by 1. Langmuir [24] as a result of his 
development of small-area plasma probes, although a glow discharge was noted by J. 
Picard as early as 1678 and widely studied from the mid-1800s. The term of'plasma' 
can be defined as: 
A plasma is a gas in which enough ions and electrons are contained to be able to 
conduct a current and sustain glow discharge when a voltage is applied between two 
electrodes [26]. 
Or 
A plasma is a partially ionised gas containing ions, electrons and atoms, produced by 
glow discharge processes under reduced pressure. These plasmas are generally 
created by applying an external electric field, with typical ionisation rates in the order 
of 0.1% [31-32]. 
There are many PVD processes in which plasmas are created and sustained, such as 
ion plating, DC, RF sputtering etc. All these techniques rely on the ionization of a 
working gas (most commonly argon) by energetic electrons in the chamber under 
suitable pressure. Therefore, it is necessary to detail plasmas from the initial discharge, 
formation and characteristics. 
The discharge can be initiated by applying a DC voltage between two electrodes in a 
vacuum chamber containing a gas under suitable pressure, usually greater than 0.1 Pa 
with a DC type device. Electrons close to the cathode will be accelerated away and 
may collide with a gas atom. Under the correct conditions of pressure, the atom may 
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be ionised: 
Ar + e- ---)- Ar+ + 2e- ... eq. 2.1 
Collisions, which take place without sufficient energy to cause ionization, may lead to 
excitation of the gas atoms, with the release of photons, giving the characteristic glow 
to the plasma: 
Ar + e- --+ Ar* + e- ... eq. 2.2 
and then, 
Ar*---+ Ar + hv ... eq. 2.3 
The processes of ionization and glowing of the plasma are visualized in the following 
figures 2.3 and 2.4. 
Glow Discharge Plasmas 
DC Diode Discharge 
- Consist of charged and 
neutral particles, Cathode 
(-ve) 
- Result from the partia I VWS 
ionisation of a gas, 
- Generated by a 
external electric field, 
- Degree of ionisation 
Argon gas at Ito I OOPa 
only - 0.1% F- I 
Figure 2.3 schematic representation of ionization and formation of the glow discharge plasma 
Ion-plating processes make use of energetic bombardment 
of the substrate and growing film by ions generated in a 
glow discharge plas 
lonisation: 
Ar + e- - Ar *+2 e- (D--,, 
0.0 
Excitation: 
Ar + e- Ar* + e- 
Ar* - Ar + hv 
Figure 2.4 the formation of the visible glow discharge plasma in an ion-plating process 
The discharge usually includes three distinct regions, shown in Figure 2.5 [33]. The 
first region is called the 'Townsend discharge'. At low voltage, little current is drawn 
because the electrons have insufficient energies and only a few ionized particles exist. 
As the voltage is increased, electrons gain enough energy to ionize more argon atoms 
creating charged particles, leading to a linear growth of the current. As the voltage is 
increased further, ion bombardment of the cathode takes place and secondary 
electrons are released. The released secondary electrons are accelerated, in turn, away 
from the cathode to collide with the residual gas atoms and molecules until a 
self-sustaining discharge is achieved. This region is called the 'breakdown region'. 
Following that comes the 'glow region'. At the beginning, the gas starts to glow, 
which is combined with a decrease of the voltage and an abrupt increase of the current, 
known as 'normal glow discharge'. The electrons, which sustain the discharge, come 
basically from the secondary electron emission due to ion bombardment of the 
cathode. The typical yield of secondary electrons for most of materials is about 0.1 per 
incident ion [34]. Therefore, the energy of each secondary electron must be high 
enough to create ten ions to enable the discharge to be self-sustaining. 
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Figure 2.5 Graph of applied voltage vs current for a DC discharge 
In the normal glow region, the ion bombardment of the cathode can be characterized 
as non-uniform and concentrated at the edges. By further increasing the voltage, the 
bombardment gradually covers the cathode and the current density eventually 
becomes uniform. This is named the 'abnormal glow discharge' region, in which the 
current intensity becomes a function of the voltage at a constant pressure. This is the 
region where sputtering and ion plating processes are normally carried out. Arcing 
and target breakdown can happen if the current is increased beyond this point with the 
corresponding phenomenon of the voltage suddenly reducing. 
222 Plasma characteristics 
A plasma has a number of unique characteristics. First, the plasma potential has to be 
understood. In plasmas, electrons tend to reach the boundaries of the plasma (i. e the 
chamber walls and installed components) faster than the ions because they have much 
less mass and in turn much higher mobility than ions. This results in the plasma bulk 
acquiring a net positive charge, restricting further losses of electrons. Eventually, a 
stable state would be reached, where the plasma potential is positive enough to keep 
the loss rate of electrons the same as the loss rate of ions. This characteristic of the 
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plasma can also be called 'quasi-neutrality'. The plasma potential normally is about 
several volts more positive than the grounded surfaces connected with the plasma. 
Figure 2.6 [33] shows the potential drop graph across a DC diode set-up. 
Cathode 
---------------------------------- 
F -71 1 
Bulk Plasma 
I 
F71 Cathode 
Sheath 
LAno 
e 
-Ve target Sheath Sheath 
voltage 
Figure 2.6 Potential drop across a DC diode set-up (not to scale) 
There are special regions, called sheaths (see figure 2.6), which form between the 
bulk plasma and the surfaces connected with the edges of plasma (chamber walls, 
substrates, targets, etc. ). In the sheath, the voltage drops significantly and the electron 
density is extremely low due to their high mobility. Consequently, gas species are 
exited in very low levels, and hence the sheath regions appear dark. In the example of 
the figures (2.5 and 2.6) mentioned above, it can be said that the cathode sheath is a 
plasma creation region or a process from Townsend discharge to glow discharge. The 
anode sheath is the region where the plasma potential drops down to anode potential 
within a short distance. 
Another term to characterize plasmas is Debye shielding or Debye length. Plasmas 
can respond to the changes in potential due to their conductive property. The distance 
over which a small potential can disturb plasmas is called the Debye length or Debye 
shielding, which is proportional to the square root of electron energy and inverse to 
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the square root of electron density and charge [31-32]. In a typical magnetron 
discharge the Debye length is of the order of 0.5mm to 0.02mm [35]. 
The plasmas used in sputtering or ion plating processes are described as low 
temperature plasmas and are formed by partially ionising a gas at a reduced pressure, 
with normally about an ionization fraction of 10-5 to 10" [25]. The electron energy is 
in the range of 1-10 eV and ion energy 0.02-0.1 eV [36-37]. The electron temperature 
is actually extremely high, but they contribute little to the temperature because the 
majority of the plasma is made up of neutrals, which are at low temperatures. The 
result of this low plasma temperature allows many substrate materials to be used in 
this relative cold deposition process. 
Vp El ion 
v 
Ion Saturation 
Vf 
Figure 2.7 Characteristics Langmuir probe current-voltage plot 
Plasma potential can be measured by using a Langmuir probe and described by a 
current (1) and voltage (V) plot (see figure 2.7). As the potential increases in the 
positive direction, the ratio of different charge species change from ion saturation to 
electron saturation. There are two points that need to be mentioned: one is the point at 
which the current equals zero, i. e. zero net current flows. This is thefloatingpotential 
point (Vf) which occurs at a negative potential of, typically, -20 to -30V in a 
magnetron system. Another is the plasma potential point (Vp) at which the rate of 
increase of the electron current slows, which means the plasma voltage is high enough 
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to stop the further losses of electrons and keep the lost rate of ions the same as that of 
electrons [38]. In a plasma, electrons are more mobile than ions and other species. 
Therefore, an electrically floating surface in contact with the plasma will rapidly 
charge negative. This negative charge will repel further electron flow, then the flux of 
ions and electrons will be equal. At this point the negative charge on the surface is 
known as the floating potential. For the same reason, a plasma will suppress the 
highly mobile electrons from escaping from it by the increase of its potential, known 
as the plasma potential. 
The DC diode plasma can be divided into several regions, which are shown in figure 
2.8 [25). There are three glowing areas with the cathode glow being located at the 
region closest to the cathode, where excitation ions are neutralised at the surface of the 
cathode. The very thin luminous region is very difficult to see normally. Negative 
glow is in the middle of plasma, a bright luminous region with roughly equal densities 
of electrons and ions. The third bright region is called the positive column, the result 
of electrons accelerated by local electric fields. Three dark areas are termed the Aston 
Dark Space, Crookes dark space and Faraday dark space. The former is located 
between target surface and Cathode Glow. This very thin area appears dark because 
the electrons have just been emitted from cathode and have very low energy. The 
Crookes Dark Space is located between the cathode glow and negative glow regions, 
in which secondary electrons from the cathode surface are accelerated by applying 
high electric fields. The high ionization and excitation rate of the species are the 
characteristics of this region. The Faraday dark space, located between the negative 
glow and positive column, is formed due to electrons losing their energy too much 
that glow or excitation are not able to continue after negative glow. The electrons can 
be accelerated again by the positive potential at the anode after the Faraday dark, and 
this region is known as the positive column. The Faraday dark space and positive 
column is obstructed if the anode is placed in the negative glow region, which is very 
common in deposition systems. 
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Figure 2.8 the regions of DC plasma discharge 
23 Film Formation and Growth 
There are generally three steps for film formation in all PVD processes. See the 
schematic figure 2.9 below. 
Substrate 
Film 
Step 3- film growth on substrate 
Step 2- transport from source to substrate 
Step I- Electrolyte 
creation of Source of 
chemicals 
deposition film material 
evaporation 
species sputtering 
plasm-spray 
D-gun 
Figure 2.9 the three steps in film deposition [25] 
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First, the depositing species, or vapour phase species are created in the vacuum 
chamber from a source/target by energy transfer. The vapour phase species are 
generated, in vacuum evaporation processes, by heating the source materials to its 
sublimation or evaporation point, and the heating methods range from resistance, 
induction, electron-beam gun to laser-beam [26]. In sputtering processes, vapour 
species are formed by sputtering the solid target in an inert gas atmosphere. The 
methods of creating the species determine their initial energy. Energies of evaporated 
species are up to 0.5eV compared to those of sputtered species ranging from 1-40eV 
[38]. 
Secondly, the vapour phase species are transported from source/target to substrate in 
partial pressures in the chamber, which determines the flow regime characterization. 
The mean free path (k) of a gas is dependant on the molecular diameter of the gas and 
the pressure in the chamber. For argon, 2, = 5.7xlO-2/P (m), in which the unit of 
pressure, P, is Pascal [39]. In evaporation processes, the low gas pressures (no higher 
than 10-2 Pa) results in mean free paths (no shorter than 5m) greater than the 
source-to-substrate distances. Therefore, collisionless transport of the species occurs. 
In contrast, gas pressures in sputtering processes are normally higher (0.1 to I Pa) 
than those in the former processes, which in turn means that the mean free paths are 
between 0.5 - 0.05m and the species undergo several collisions before reaching the 
substrate. This results in a reduction of the energies and scattering of the species. 
Finally, the vapour phase species impinge and condense on a surface by losing their 
energies. At this point the species are referred to as adatoms. These adatoms in turn 
form nuclei, which will grow to form a continuous film. There are three main forms of 
film growth - island'growth, layer growth and Stranski-Krastanov growth [40]. The 
growth forms depend on the bonding of the vapour species to substrate materials and 
themselves. Island growth can be seen if the adherence is greater between vapour 
species. Therefore small groups of adatoms accumulate on the surface of substrate 
and then coalesce to form the film. This can lead to the formation of porous films. 
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Growth is in three dimensions if the adherence between species and substrate is 
greater. In this case the films will grow layer by layer, the way of layer growth. Then 
the films will be desirably dense coatings. The third growth way is called 
Stranski-Krastanov growth, which combines both forms mentioned above. In this way, 
the adatoms begin to accumulate and form islands after an initial layer has grown. 
Lewis and Anderson [166] developed the concept of nuclei growth and formation in 
their studies of the evaporated films. 
Island ýA ik A Growth WAM 
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Figure 2.10 Basic growth mechanisms [3 31 
The film formation processes are controlled by many factors, such as the nature and 
roughness of the substrate surface, the substrate temperature whilst depositing, the 
deposition rates, the angle of incidence of the species and the gas pressure in the 
vacuum chamber, and the substrate bias. Gas pressure, in particular, affects the energy 
of the adatoms, which is a key factor in controlling adatorn mobility on the substrate 
surface. Adatoms with high-energies are likely diffuse across the substrate surface and 
possibly diffuse into the substrate material. 
Understanding the types of film growth is important because they affect the formation 
of film structures, which is going to be discussed in the following section. 
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2.4 Film Structure 
In the late 1960s, Movchan and Demchisin [41 ] began to study the effect of substrate 
temperature on the formation of film structure, and created the famous three zones 
model for evaporation deposition processes, see figure 2.11 [23,27]. The relationship 
of film structure and the ratio of the substrate surface temperature (T) to the melting 
point of the deposited material (T .. ) were established in the model. Three zones 
formed as the ratio (T/T,,, ), known as homologous temperature, increased. Zone (1) 
takes place at the ratio lower than 0.3, at which the adatom energies are not high 
enough to overcome the shadowing effects from substrate irregularities, causing 
insufficient surface diffusion. The film growth is in turn dominated by the island type 
mode, and therefore porous columnar structures are formed in the growing film. In 
zone (2) the ratio (Tam) is range form 0.3 to 0.5. The substrate surface appears to 
have a more regular morphology with a smooth, matt appearance as the substrate 
temperature increases. Adatorn surface diffusion now dominates the film growth 
process, and denser columnar crystalline structures represent the characteristics of the 
coating. As the substrate temperatures ftirther increase, the zone (3) region can be 
reached, where bulk diffusion processes, such as annealing and recrystallisation, take 
the main role in film growth process, and determine the final structure of the coating. 
It is described that, in zone (3), equi-axed grains are the representative structure, 
similar to those of a fully annealed metal. 
In the 1970s, Thornton [42-431 extended this work by adding an additional axis to 
account for the effects of gas pressure in sputter deposition processes, shown in figure 
2.12. A transition zone (T) was introduced between zones (1) and (2). The film 
structure with dense poorly defined fibrous grains is dominant in this zone. Zone (T) 
structure is more likely to form on a smooth surface at lower T/TM ratio, which 
provides fewer barriers for adatom diffusion and needs relatively lower adatom 
energies to overcome the barriers. On the other hand, to form zone (T) structure on a 
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rough substrate surface needs higher energy for adatom to fill the voids, which 
requires higher T/Tm ratio. In the Thornton structure zone model, the formation of 
zone (T) is also apparently affected by gas pressure. The region of zone (T) is wider at 
lower gas pressure and T/Tm ratio. Zone (T) structures become difficult to see as gas 
pressure increases (i. e. zone 1 predominates), which is probably because the vapour 
species from source/target collide with each other resulting in energy losses. 
Zone I Zone 2 Zone 3 
T, T2 
Tempercituro 
Zone 1 Zone 2 Zone 3 
Metal s -<0-3 Tm 0-3 -0-4, STm >0-45Tm 
Oxides - 0-26 Trn 0-26 - 0-45 Tm >0-4STm 
Figure 2.11 Movchan and Demchishin structure zone model [41] 
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Figure 2.12 Thomton structure zone model [42] 
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Following the studies of Thornton, the dense equi-axed grains were produced at high 
bias conditions in ion-plated coatings [44-45]. Messier et al. [46-47] suggested that 
the bias voltage axis should be introduced to replace the pressure axis in the SZM 
structure models. Moreover, Fountzoulas and Nowak [48], Musil and Kadlec [49-52] 
introduced other versions of SZM (structure zone model) models by using total 
energy axis of ions or combined energy of ions as a parameter. 
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Figure 2.13 P. J. Kelly and R. D. Arnell structure zone model [53] 
More recently Kelly and Arnell have proposed a structure zone model to describe 
closed field unbalanced magnetron sputtering (CFUBMS) [53] by taking into account 
the homologous temperature T/T., the bias voltage on the substrate and the ion to 
neutral ratio Ji/J, In their experiments, zone (2) appeared within the homologous 
temperature range from 0.13 to 0.43, and zone (3) from 0.43 to 0.68. It is clearly 
shown in the three dimensions figure 2.13 that zone (2) structures appear in the region 
with relative low homologous temperature, ion to atom ratio and bias voltage except 
the very small region near zero point of three axes. This structure zone model 
describes the ability of CFUBMS systems to form fully dense columnar structures at 
low deposition temperatures. 
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Structure is an important factor in determining film properties. It is important, 
therefore, to control factors, such as ion bombardment of the substrate, that affect film 
structure. In general zone I structures are unsuitable for engineering applications due 
to their poor mechanical properties, hence the interest in processes capable of 
producing zone 2 and zone 3 structures. The figures below are typical scanning 
electron micrographs showing examples of the three types of structures [53]. 
Zone I- Porous Columnar Structure 
Zone 2- Dense Columnar Structure 
SEM micrograph of W coating 
deposited by CFUBMS, shovving 
typical zone 2-type structure 
Through thickness TEM 
micrograph of W coating 
deposited by CFUBMS, showing 
typical zone 2-type structure 
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Zone 3- Fully Dense Structure 
rI 
SEM micrograph of Al coating 
deposited by CFUBMS, shovAng 
typical zone 3-type structure 
Through thickness TEM 
micrograph of Al coating 
deposited by CFUBMS, shovAng 
typical zone 3-type structure 
Picture 2.1 SEM and TEM micrographs showing three types of coating structures, as 
described in structure zone models [53] 
2.5 Sputter Ion Plating 
Sputter ion plating is a process using a sputtering target as the source in the ion plating 
system. Unlike the evaporation processes the source vapour is no longer created by 
thermal methods, but by ion impact on the target. The species created by sputtering 
normally have energies in the range from 4.0-10eV, which is higher than thermally 
evaporated species (typically, 0.1-0.6eV). Figure 2.14 shows the schematic 
representation of a basic sputter ion plating system. 
Sputtering is a process whereby individual atoms escape from the target surface due to 
atomic collision cascades by suitable high energy ion bombardment [54-55]. 
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Figure 2.14 Basic sputter ion plating graph 
(Typical operating pressure: IPa; Deposition rate: microns1h; Ion bombardment ofgrowingfilm; 
Metallic or ceramic coatings; Any orientation ofsputter source) 
The common method of providing the energetic ions is to evacuate the chamber to the 
pressure lower than 10-3 Pa and backfill it by inert gas, normally argon to a pressure of 
about IN (higher than 0.05 Pa for magnetron sputtering). Then ignite an electric 
discharge so that the working gas is partially ionized and ready to bombard the target. 
A number of processes can occur at the target surface, in addition to the sputtering of 
target atoms, and they are surnmarised in Figure 2.15. 
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Figure 2.15 Possible reactions at the target surface [12) 
If the impinging ion has enough energy, it will strike the atoms in the near surface 
region of the target and eventually impart sufficient energy to a surface atom, through 
a 'collision cascade' for it to be ejected from the target. Generally sputtered particles 
are neutral, but a small fraction may be ions. The collision may cause 'implantation' 
or 'gas trapping' if the result of collision is to displace atoms from their lattice 
positions and create lattice defects. In the momentum transfer process, the transfer 
mechanism are not only the collision cascade and implantation processes, but also: 
" Secondary electron emission 
" Surface modification 
" Particle backscattering 
" Surface atom sputtering 
" Photon or X-ray emission 
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0 Gas desorption 
0 Re-deposition of sputtered species due to the atoms colliding in the plasma and 
being attracted back to the surface of the target. 
Sputtering can be driven by many kinds of power supply. DC supplies cannot sputter poorly 
conducting materials, due to the excessively high target voltages that would be required to initiate 
the discharge. The alternative supplies (mid-frequency pulsed DC and radio frequency RF) can be 
used to overcome this problem. For RF (normally @ 13.56MHz) processes, sputtering works 
because the target self-biases to a negative potential, which is based on the fact that electrons are 
considerably more mobile than ions and have little difficulty in following the periodic change in 
the electric field, whereas, the slower ions cannot respond at these frequencies. As RF power is 
applied, a large initial electron current is drawn to the target during the positive half of the cycle. 
However, only a small ion current is drawn during the second half of the cycle. Therefore, since 
the power supply is capacitively coupled, the target acquires a negative potential, capable of 
sustaining sputtering. Moreover, there is a formula about voltages of electrodes and their areas: 
4 
... eq. 2.4 
in which Vt is the voltage of the target, V, is the voltage of the substrate and system 
ground (including substrate holders, chamber walls, etc. ). At is the area of the target, 
and As is the area of substrate and system ground. The fact that As is much larger than 
At causes Vs to be too small to sputter the substrate, which is very important for the 
deposition of films by RF, as it can prevent film contamination [28]. 
Pulsed DC power (20-350 kHz) is a promising choice for depositing partially 
insulating materials. Different from RF, pulsed DC frequencies allow both ions and 
electrons to respond to the changing potential. The high negative potential during the 
"pulse on7' period results in sputtering of the target by positive ion bombardment. The 
small positive potential during "pulse off" period discharges any build-up of positive 
charge from the previous period by electron bombardment. The deposition process is 
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controlled by adjusting pulse parameters, such as pulse frequency and duty (i. e., the 
length of the pulse on time in proportion to the full pulse cycle pulse). Another 
advantage of pulsed DC supply is it does not need to be tuned like RF, which means it 
is much more stable and scalable than RF driven systems. 
Another function in sputter ion plating is ion bombardment on the surface of the 
substrate and therefore on the growing film by biasing the substrate. Bombardment of 
the substrate surface before deposition can generally clean the surface of the substrate 
by removal of contamination, resulting in surface modification at the atomic scale. 
Bombardment of the surface of the substrate during the film growth can produce high 
density films, but may result in very low deposition rates because of re-sputtering of 
the films. The bias power and vacuum pressure are two critical factors PO]. High 
intrinsic stresses can arise in the coatings if the bias voltage is too high. Suitable gas 
pressure will improve the ion-to-atom ratio and species with appropriate energy by 
controlling the number of collisions during their transport from the target to the 
substrate. In general, both the degree of ionization and deposition rate is low in sputter 
ion plating processes compared to magnetron sputtering, which is going to be 
discussed in the next section. 
Many of the limitations of the basic sputtering process have been overcome through 
the development of magnetron sputtering, which brought about a new era in PVD. 
2.6 Magnetron Sputtering 
From the well-known equation, a charged particle is subject to a Lorenz force, F., if it 
is located in a magnetic field. 
F =qý; xB ... eq. 2.5 m 
Where q is the charge on the particle, v is the velocity, and B is the strength of the 
magnetic field. If the force subjected on the charged particle is perpendicular to a 
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magnetic field, the charged particle will change its initial track and move in an orbital 
path around the magnetic field line. The orbit radius can be determined by the formula 
as follow: 
MV-L 
... eq. 2.6 qB 
Where in is the mass of the particle and vj. is the component of the velocity 
perpendicular to the magnetic field. From the relationship above, it can be seen that 
the heavier the mass of the charged particle, the larger the radius of the orbital circle of 
the movement at a constant magnetic field at the same charge and velocity. 
Considering that the mass of an electron is much less than that of an ion, the radius for 
an ion around the magnetic field line will be more than 1000 times larger compared to 
that of an electron at the same conditions. Therefore, it can be said that magnetic fields 
have a significant influence on charged particles within the plasma, also the degree of 
effect is dependent on the mass of the charged particle when the other parameters are 
the same. In a plasma, the effect of the magnetic field on electrons is normally 
considered, and on ions ignored. 
Larmor Radius 
------ -- --- --- --- -- 
B 
Figure 2.16 The trajectory of a charged particle moving in a constant magnetic field [33] 
By the application of a magnetic field parallel to an electric field (figure 2.16), based 
on the concept that they interact with each other, the electrons move in a helical way 
along the magnetic field lines towards the anode. This movement prevents electron 
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losses from the plasma, therefore provides the electrons with a chance to collide with 
the atoms as they pass through the plasma to the anode. 
By applying a magnetic field perpendicular to an electric field, the electrons will 
move in a cycloidal way, on which the electrons are accelerated when they move in 
the direction of the electric field and they are deflected less by the magnetic field. On 
the other hand, electrons are accelerated when they move in the direction against the 
electric field on the other half of the cycle, they are affected more by the magnetic 
field and result in greater deflections. Figure 2.17 shows the electron's movement 
with the combination of electric and magnetic fields. 
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Figure 2.17 The motion of an electron in combined electric and magnetic fields. 
Magnetrons; were developed for use in sputtering processes in the 1970s [56] to take 
advantage ofthe effect on electron movement ofthe interaction between magnetic and 
electric fields, detailed above. Figure 2.18 is the layout of a typical conventional 
magnetron configuration, and figure 2.19 shows the electron movement in the region 
of space in front of the target with the magnetic and electric fields. By placing 
magnets in this configuration behind the target as shown in the figure 2.18, the 
magnetic field lines travel from north pole to south pole through the target material 
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and form a region in the shape of a closed loop. Electrons spiral along the magnetic 
field lines and are confined close to the target. This results in a closed current loop 
formed above the target and the sputtering species are generally ejected away from the 
current circle region into the plasma. The electron path length is significantly 
increased due to this motion, meaning they can undergo many collisions before they 
are lost to ground. Then the secondary electrons produced from the target into the 
plasma will be attracted by magnetic field lines again and confined to the region near 
the target. This entrapment increases the amount of ionization in the plasma, creating 
a dense plasma in front of the target. In turn, more ions from the plasma are 
accelerated across the cathode sheath and bombard the target in that confined region 
at the ftill discharge potential. This technique allows the sputtering and deposition at a 
reduced discharge voltage, dc bias and gas pressure in the chamber compared to the 
basic sputtering process. Discharge voltages in the range of -500 to -1000V are 
sufficient to create energy-efficient sputtering of many useftil materials compared to 
about -3 OOOV in basic sputtering. The reduced pressure, which is up to 100 times less 
than conventional sputtering [571, allows the sputtering species to travel with very 
little gas scattering and hence the deposition rate is increased and the coating flux 
arrives with greater energy. In practice, an erosion path created within the closed loop 
region, known as the racetrack, is formed on the target, as shown in figure 2.19. 
Consequently, the typical utilization of the target is only 30%. 
SUBSTRATE 
Figure 2.18 Vertical graph of conventional magnetron 
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Figure 2.19 Rectangular planar magnetron [25] 
A water-cooled system is needed in this technique to dissipate the target heating by 
heavy ion bombardment. The system normally is arranged by clamping the target 
directly onto the magnetron body. Moreover, the magnetrons can be arrayed in a 
variety of different ways besides the rectangular planar mentioned above, such as 
circular, cylindrical [58] and rotating. Rotating magnetrons can enhance the 
utilization [59] of the target up to 80% by rotating the tubular target around the 
magnetic array. 
A drawback of the conventional magnetron sputtering is that the dense plasma is 
confined very near to the surface of the target. If the substrate is located any further 
the target, the growing film has no chance to be modified because of very little ion 
bombardment on the surface of substrate and the growing film, which is known to 
improve both physical and chemical properties of the film [60]. This problem was 
tackled by improving magnetron configuration in the 1980s by Window and Savvides 
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[13-15], who changed the 'balanced' magnetic array to a so-called 'unbalanced' array, 
and many researchers have studied this configuration since then [61-64]. 
27 Unbalanced Magnetron Sputtering 
Window and Savvides made a prominent development in the 1980s in sputtering 
systems by changing the design of the magnetron. As detailed above, the strength of 
both inner and outer magnetic arrays in conventional balanced magnetron (CBM) 
sputtering systems are approximately equal and the magnetic flux is directed from 
north to south pole without significant losses. In Window and Savvides' design, the 
strength of either the outer or inner magnetic array was increased with respect to the 
other and therefore the magnetic flux was no longer completely confined to the near 
target region-this design is called the unbalanced magnetron (UBM). 
There were two types of unbalanced design. By increasing the strength of the outer' 
magnetic array, with respect to the inner array, the type II unbalanced magnetron 
system can be formed (following the nomenclature of Window and Sawides). 
Therefore, part of the magnetic flux does not close on the target, but is directed 
towards the substrate. Some of the secondary electrons will escape the trap near the 
target and follow these field lines, causing ionisation of atoms in the substrate region. 
The result is a dense plasma extending out towards the substrate and the ion 
bombardment of the growing film is increased. In Window and Sawides' findings, 
the magnitude of this increased ion bombardment was dependent on the degree of 
unbalance as well as other deposition conditions, such as the gas pressure, target 
power and substrate bias etc. More than 5mA cmý ion current could be drawn on the 
substrate according to studies by R. P. Howson, W. D. Sproul etc. [62-63]. A study in 
Salford [65] comparing the ion current in different magnetron configuration showed 
that the ion current was 0.9 mA cmý in type II unbalanced magnetron system, whilst 
using the same conditions, it was 0.54 mA cm72 and 0.1 mA cm72 in balanced and type 
33 
I unbalanced magnetron system, respectively. In general, the UBM design extends the 
region of dense plasma and increases ion current at the substrate, allowing high 
ion-to-atom ratios to be achieved at larger target to substrate distances and, therefore 
improving coating properties. Figure 2.20 shows the type 11 unbalanced magnetron 
design. 
Figure 2.20 Graph of a type 11 unbalanced magnetron 
The Type I configuration was designed by increasing the strength of the inner 
magnetic array in respect to the outer array, which caused the magnetic field lines to 
be directed towards the chamber walls rather than the substrate. Very low ion current 
densities at the substrate were found for this kind of magnetron configuration. In fact, 
this type of unbalanced magnetron is not often used due to its low deposition rate and 
low energetic ion bombardment. However, it was found useful for producing porous 
and chemically reactive films [64]. The schematic representation is shown in figure 
2.21. 
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Figure 2.21 Graph of type I unbalanced magnetron 
The drawback of UBM design is that it is difficult to deposit a coating with uniform 
thickness at high deposition rate using a single UBM system. This problem was 
tackled by developing another magnetron design - the closed field unbalanced 
magnetron sputtering (CFUBMS) system. 
2.8 Closed-Field Unbalanced Magnetron Sputtering 
The introduction of multiple magnetron systems [16] - closed-field unbalanced 
magnetron sputtering (CFUBMS) systems further advanced the magnetron sputtering 
process. CFUBMS systems normally arrange alternate magnetrons with opposite 
magnetic polarity; therefore the field lines are linked from target to target. As with 
UBM sputtering, the film deposited in CFUBMS systems also tend to have dense 
columnar structures, which can be achieved at lower substrate temperatures. The early 
work about CFUBMS was begun by Teer Coatings Ltd. [ 16], and Rohde et al carried 
out similar work consisting of two unbalanced magnetrons in both mirrored and 
closed field configurations [661. Further study and use have being continued by Kelly 
and Arnell at the University of Salford [ 17-19]. Two models of the CFUBMS system 
are shown in figure 2.22 below. 
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There are a number of factors affecting the ion to atom arrival ratio at the substrate. 
Varying the magnetron configuration from UBM to CFUBMS is one of them. The 
ratio could be up to 60 times by changing the configuration from mirrored to closed 
field [67], which represents the increasing ion bombardment and the amount of 
energy available. The benefit from that would be modifying film structure and 
promoting adhesion between the substrate and the film, possibly by diffusion of the 
film into the substrate. Moreover, the study at Salford proved that zone 2 and 3 film 
structures could be formed at lower substrate temperatures, without excessive 
substrate bias or heating. 
In summary the sputtering processes were developed by using magnetron, promoted 
by changing the configuration to be unbalanced, and further improved by the 
introduction of the CFUBMS system. Also, the development of the sputtering system 
and configuration of the magnetron made it possible to coat the materials from pure 
metal to ceramic, the substrate from simple to complex and the coating from single 
layer to multi-layers, as well as competitive qualities. 
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Figure 2.22 closed field configurations -vertically opposed and co-planar. 
3. SEMICONDUCTOR AND TCO COATINGS 
3.1 Concepts of Semiconductor 
3.1.1 Semiconductor 
A semiconductor is a substance, whose conductivity is between a conductor and an 
insulator. Considering the difference between a metal conductor and an insulator, the 
former has free electrons to respond an applied field easily, the later has too large a 
band gap for electrons to jump from the valence band into the conduction band. The 
electrons in a semiconductor have to gain energy, such as from temperature, to 
overcome the relatively narrow band gap to conduct electricity. Refer to Appendix IL 
The reason that a semiconductor can perform a conductive function is that electron 
and hole pairs exist in it. The number of electrons and holes are same in an intrinsic 
semiconductor. By adding suitable dopants or impurities, a semiconductor may be 
called n-type, in which case the number of electrons is greater than the number of 
holes; or called p-type, in which case the opposite is true - the number of holes is 
greater than the number of electrons. An n-type semiconductor carries current mainly 
in the form of negatively charged electrons, in a manner similar to the conduction of 
current in a wire. In a p-type semiconductor the charge carriers are positive electric 
charge holes, equal and opposite to the charge on electrons, of which the flow occurs 
in a direction opposite to the flow of electrons. The conductive properties of a 
semiconductor can be changed dramatically by doping. 
3.1.2 Free charge carriers and their effective masses in semiconductors 
There are several particular technology names in semiconductor physics. The concept 
of a 'hole' is one of them. In a semiconductor electrons carry out the conduction when 
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an external electric field is applied as a kind of free charge carriers, which are negative. 
It is also possible to find vacant states in the valence band at a finite temperature, 
which contribute to the conductivity of a semiconductor and have the same amount of 
charge as electrons but positive. The positive vacant states are called holes in 
ýemiconductor physics. 
The holes travel in the same direction as the applied electric field, i. e., the opposite 
direction to the electrons. Take silicon as an example. Providing that there is a vacant 
state in the valence band, there must be a bond incomplete, see figure 3.1 (a) [68]. 
Then one of the electrons is attracted by the vacant state and moves closer to its 
position when an electric field is applied, see 3.1 (b). This process is going to continue 
again and again 3.1 (c), so that the electron moves towards the positive end of the 
solid body and the hole towards to the negative end. 
(a) (b) (c) 
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Figure 3.1 (a) A vacant state (or hole) in the valence band corresponds to an incomplete bond. 
(b) The charge carriers move in an applied electric field. (c) The continuous process. 
Another concept in semiconductor physics is the effective mass, which is introduced 
because an electron has a quite different mass in a solid than in a vacuum. It is 
assumed that an electron in a solid experiences the interaction with other particles, 
such as ions and other valence electrons, whilst a free electron in vacuum does not. A 
free electron in a magnetic field will be obliged to move by the magnetic force on the 
electron corresponding to the following formula: 
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vc = 
Be 
... eq (3.1) 27rMe 
in which v. refers to frequency of electrons in vacuum, B. the strength of magnetic 
field and me the mass of the electron in vacuum. The above formula will never be 
correct for the same electron in a solid. Then it is suggested that there is a different 
electron mass, notated as in, *, so that the above formula can be used: 
B, 
ý Ve = 
... eq (3.2) 2mne 
in which me* is called the electron effective mass. 
The electron effective mass, m,, *, in E-k relationship (E, energy of the electron; k, 
momentum of the particle) is defined as rri, * = hý(A / de)-1 (h =h / 27r, Plank's 
constant h=6.63* 10-34 J, d represents the symbol of differential) [69], which is 
therefore determined by the radius of curvature of the energy curve line at the given 
level and is the result of the effects ofboth internal potential and external force. For 
electrons in the lowest conduction band, ni,, * is positive because the curve is concave. 
Let us consider an electron in the highest valence band. Near the convex top of the 
valence band, the effective electron mass would be negative. In the same way that the 
concept of the 'hole' was introduced, a positive effective mass, hole effective mass is 
assigned and can be written as: 
Mh -Me eq (3.3) 
when the electron occupies an empty state in the valence band. 
It has to be mentioned that the electron effective mass in conduction band is not 
normally equal to the hole effective mass in the amount in the valence band because 
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the width of two parabolas are not normally equal. 
3.1.3 Intrinsic and extrinsic semiconductors 
An intrinsic semiconductor refers to a semiconductor with a perfect crystal structure 
containing no impurities or lattice defects. In this kind of semiconductor, there are no 
charge carriers at absolute zero. The electron-hole pairs are generated at a certain 
temperature as explained in the figure A3 in the Appendix 11. If we use ni to represent 
the intrinsic carrier concentration, n, the electron concentration in the conduction 
band and p, the hole concentration in the valence band, it can be said that 
ni =n eq (3.4) 
which is the particular feature of an intrinsic semiconductor. 
There is a recombination process in a semiconductor to balance the generation of 
electron-hole pairs. It is possible that when an electron is removed from the 
conduction band in a direct band-gap semiconductor, that it will recombine with a 
hole in the valence band [69]. This process is called direct or radiative recombination, 
because a photon may be emitted as the way to release energy when this transition 
takes place, refer to Appendix II. The indirect recombination process is the common 
recombination way in an indirect band gap semiconductor, although direct 
recombination could happen. The indirect recombination will take place when an 
electron drops into a localized state in the forbidden gap, known as recombination 
centre, and recombines with a hole in the same localized, known as trapping, and 
phonons are given up as the energy form. Figure 3.2 [70) shows the schematic 
representation of the recombination processes. The recombination process can be 
very fast, say as short as 10-7s, also slow, say many seconds, depending on the 
semiconductor. This feature of semiconductors can be used in practice, such as 
making luminescence long after excitation in some phosphorescent materials used. 
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Figure 3.2 (a) Direct recombination, (b) Sequence of events in the indirect recombination 
process (i) localized state or trap centre; (ii) trapping of an electron; (iii) capture a hole, and (c) 
Trapping in semiconductors and the electron and hole leaving the centre ready for another 
recombination. 
By adding only small concentrations of a suitable impurity (max. 0.0001%, typically 
one in every hundred million atoms), the charge carriers in a semiconductor may 
increase, and this in turn leads to a dramatic change in its conductivity [68]. This 
semiconductor is called an extrinsic semiconductor, the impurity is called a dopant, 
and the process doping. If the free electrons are the majority charge carriers, the 
semiconductor is n-type, and the dopant is named as a donor. On the other hand, if the 
holes are the majority charge carriers, the semiconductor is p-type, and the dopant is 
named as an acceptor 
How can a semiconductor be made an n-type? Take silicon as an example. A silicon 
atom has four valence electrons, so impurities from column V in the periodic table 
such as phosphorus can be used as donors to produce an n-type semiconductor. The 
phosphorus atoms in the silicon solid are obliged to sit in the position of silicon atoms 
41 
and form four covalent bonds. Therefore there is an extra fifth electron weakly bound 
to its parent phosphorus atom without bonding with any silicon atom. This electron is 
easily freed, and easily elevated into the conduction band. This means there are more 
free electrons in the silicon doped with phosphorus, thus an n-type semiconductor is 
created. 
Similarly, by adding impurities from column III in the periodic table into intrinsic 
silicon, a p-type semiconductor will be produced. Suppose the silicon is doped with 
boron, the boron atoms will occupy the sites of silicon atoms. Because there are only 
three valence electrons in the outer-shell of a boron atom, one electron from a silicon 
atom will not be able to complete a covalent bond. Electrons from neighbouring 
silicon atoms may move to the boron atom to complete the bonding, which in turn 
leaves a vacant state in the valence band - an additional hole is created. 
3.1.4 Band gap in real semiconductors 
In a semiconductor, adding of a donor results in the addition of a new allowed energy 
state of a level Ed in the forbidden gap, which is slightly underneath the bottom of the 
conduction band, E.. At very low temperatures, the extra donor electrons are attached 
to their parent atoms and accommodated in the Ed energy level. In this case the Fermi 
energy level (refer to appendix 11) is half way between Ed and E.. Since the donor 
atoms are relatively far apart (low concentration) and not continuous, they do not 
affect each other. As the temperature increases to about 100K, the thermal energy is 
sufficient to be absorbed by the electrons of donors and enable to occupy the 
conduction band and carry current. On the other hand, the addition of an acceptor into 
a semiconductor equates to addition of an allowed energy level E,, slightly above the 
valence band, which in turn puts the Fermi level on the half way at the mid-point 
between Ea and Ev. Again at temperatures around I OOK, the electrons originally in the 
fully filled valence band are able to transfer to those states in Ea and leave holes 
behind. Figure 3.3 [71] shows the effect of donors on the semiconductor band gap 
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Figure 3.3 the effect of donor on a semiconductor band gap: (a) intrinsic density of states and 
number of charge carriers versus energy; (b) effect of dopant on the density of states and 
number of charge carriers versus energy [71]. 
For the undoped semiconductor the Fermi level is located halfway between the 
conduction and valence bands. For a low doped semiconductor, depending on n-type 
or p-type, the Fermi level lies halfway between the minimum conduction band and 
donor's energy level or the maximum valence band and acceptor's energy level at 
very low temperature, because the occupation probability of Ed or Ea is I and E', or E, 
is 0. By increasing the donor density in a semiconductor, such as tin doped indium 
oxide, the donor states can merge with the conduction band at a certain critical density, 
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in turn the Fermi level will be determined by the highest occupied energy level, which 
is related with the density of charge carriers (e. g. EF - ne25/nic* for a n-type, n. the 
concentration of free electrons, m,, * the electron effective mass) [72]. This 
phenomenon is also known as band gap widening or Burstein-Moss shift, which 
corresponds to the increase of the concentration of charge carriers. Figure 3.4 [72] 
shows the undoped and heavily doped indium. oxide energy bands. A shift of the bands 
is apparent from the figure. Ego represents the band gap energy of undoped indium. 
oxide and Eg that of doped indium. oxide. The occupied states are shown in the shaded 
area in the figure. Moreover, a heavily doped semiconductor is called a degenerate 
semiconductor, because the classic Maxwell-Boltzmann statistics no longer apply to 
the energy distribution and Fermi-Dirac statistics must be used, which means the 
continuous increase of the carrier number will finally bring Fermi energy levels into 
the conduction band, as discussed above. 
C' (k-) 
E v* (k-) 
ho 
Ego 
-__I --- 
k 
Figure 3.4 (a) The assumed band structure of undoped indium oxide; (b) The band structure 
heavily tin doped indium oxide [72]. 
In contrast, another effect of heavy doping in a semiconductor is that the dopant 
density fluctuates from point to point, which causes band energy fluctuations and 
distortion of the top of the valance band or the bottom of conduction band - also 
called band 'tail'. The band tail extends the allowed states into the forbidden band 
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gap, resulting in band gap narrowing, see figure 3.5 [73]. 
Figure 3.5 the schematic representation of band gap narrowing due to heavy doping level. 
3.2 Optical and Electrical Properties of Transparent Conductive Oxide 
(TCO) Coatings 
Transparent conductive oxides (TCO) belong to the group of wide band gap 
semiconductors, for example zinc oxide with the band gap larger than 3eV[12]. The 
large band gap of TCO materials contribute to the transparent property in the visible 
wavelength region, and intrinsic (defects) or extrinsic (dopants) charge carriers donate 
to the conductivity. The intrinsic charge carriers can be created by lattice defects, for 
example oxygen vacancies or metal atoms on substitutional lattice sites; and extrinsic 
carriers by either metal dopants with one additional conduction electron on the metal 
lattice sites, or halogen dopants with one additional electron on oxygen lattice sites. 
There are many TCO materials available, see table 3.1 and 3.2. Among them, indium 
doped tin oxide (ITO) is currently the most commonly used transparent thin film 
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material which can be deposited by various methods on glass, polymers etc [12]. In 
recent years, however, zinc oxide (chapter 3) has emerged as one of most promising 
materials because of its optical and electrical properties as well as the abundance in 
nature, which makes it competitive both in practical uses and marketing development 
[12]. 
Table 3.1 Properties of some n-type TCO materials [12] 
Property In2O3 Sn02 ZnO 
Mineral name - cassiterite Zincite 
Band gap Eg(eV) 3.75 3.7 3.4 
Melting point (IC) -=2000 >1930* 1975 
Heat of formation (eV) 9.7 6.0 3.6 
Density (g. Cnf3) 7.12 6.99 5.67 
Relative permittivity 9 9 8.1 
Effective electron mass 
M*/MC 
0.3 0.28 0.28 
B, Al, In, Ga, Si, 
Dopants Sn, Ti, Zr, F, Cl Sb, As, P, F, Cl 
Sn, F, Cl 
Tetragonal, Hexagonal, 
Crystal structure Cubic 
rutile wurtzite 
a: 0.474 a: 0.325 Lattice parameters (nm) a: 1.012 
c: 0.319 c: 0.5207 
Thermal expansion a 11 c: 3.7 11c: 2.92 
(300K) (K") 
6.7 
-Lc: 4.0 
1c: 4.75 
Property In203 Sn02 ZnO 
Melting point of the metal 
157 232 420 
(OC) 
Average amount of the 
metal in the earth's crust 0.1 40 132 
(ppm) 
* Decomposition into SnO and 02 at 1500 9C. 
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Table 3.2 Other types of TCO materials 
Multi-component TCO materials 
p-type TCO 
Components of Combined n-type TCO 
materials 
ln203-SnO2-ZnO (ZITO), 
ln203-SnO2-Ga2O3 (GITO), CUM02 (M = Al, Ga, Sr, 
CdO, Sn02, ZnO, ln203-SnO2-y2O3, and Ln = lanthanides; ) in 
In2O3, Ga203 and Y203 ZnO coated-Sn02 which Cu acts as dopant. 
MgIn2O4, Or M203: CU 
CdGa204, Cd2SnO4, CdSn02, In2O3: Ag 
CdSb206: y, ZnO: (Ga and N) 
Zn2SnO4, ZnSn03, Zn2ln205, (co-doped) 
ZnGa204, 
In4Sn3O12 
Galn03, 
3.2.1 Oplicalproperties of TCO coatings 
For metals, when incident light strikes the surface, electrons are excited and move to 
higher energy levels where they undergo collisions with lattice ions, and the extra 
energy is dissipated in the form of phonons. Then the lattice is heated, which is called 
absorption. The emission occurs and the fight is reflected when the electrons drop 
back to a lower energy level. Transparency in some relevant portion of the 
electromagnetic spectrum is the essential common feature of dielectric optical 
materials, because the bonding characteristics ranging from ionic to covalent are 
represented in these materials, which means the energy from some part of spectrum 
can not be absorbed by overcoming the band gap energy and therefore is transmitted 
through. Also, the optical transmission is limited again when wavelengths become 
longer because the absorption occurs due to the vibration of lattice ions in resonance 
with the incident radiation. 
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Transparent conductors are an interesting class of materials, which exhibit both 
optical properties of metals and dielectric materials. The most prominent feature of 
transparent conductors is the significant change in absorption at the culoffwavelength 
X c. For wavelengths larger than X c, they show transparent properties because no 
electrons can be excited to higher energy level. However, electrons can be stimulated 
into the conduction band when wavelengths are shorter than X c, then they behave like 
metals. With the same principle of band gap energy, Eg, the cut-off point (X c=1.24 / 
Eg, in which Xc in the unit of gin and Eg in eV) can moved to shorter wavelengths 
with increasing of number of carriers, see the formula: Xc oc rn,, */N2/3. 
Another interesting feature of transparent conductors is the decrease in the optical 
transmission in the infrared due to collective plasma oscillations of the conducting 
carriers - anions and cations. A term introduced here is plasma wavelength, X p, 
which corresponds to the plasma frequency wp( 6) p==2 31 c/ X p) when optical 
properties change radically. The relationship between Xp and carrier concentration 
can be expressed as Xp- (m*1N) 1/2, in which N is the carrier concentration and m* is 
the effective mass of the charge carrier [40,74-75]. When %>Xp, the film exhibits 
reflectance properties, whereas at X<?, P the high transparency occurs. However, 
X 
p moves to shorter wavelengths with the increase of carrier density or concentration. 
In general, transparent conductors show transparent properties in a certain region of 
the spectrum; they exhibit metal-like reflection in the region of wavelength shorter 
than Xc and longer than X p. The Xc and Xp of transparent conductors depend on the 
carrier concentration in the conductive band and IR regions, respectively. 
The index of refraction (n) and absorption coefficient (k) [refer to appendix 11] of a 
semiconductor can be affected by the film structure and deposition processes. For 
many applications, it is important to have films with higher refractive index and lower 
absorption coefficient in the visible range; high transmittance is essential as well. The 
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values of n in films normally are lower than those in bulk because n increases with the 
increase of the density, which is commonly greater in bulk than in thin films. The 
packing density P for an optical columnar film is about 0.907, assuming a columnar 
grain structure with an array of close-packed cylindrical columns of identical 
diameter. P is lower in unevenly contracting columns and larger when columns 
expand into a hexagonal shape. For deposition processes, the substrate temperature 
has an important effect on n. Apart from the influences ofpurity of the target, cleaning 
of the substrate and controlling the atmosphere etc., the value of n increases as the 
substrate temperature is raised. Also, deposition rate, pressure and can strongly 
influence it. In general, the refractive index of the film increases if a dense, even 
columnar structure can be forined under the deposition processes. 
3. Z2 Electrical properties of TCO coatings 
The conductivity of a semiconductor comes from the energy absorbed by electrons 
when light or photons strike it and cause the carriers to transit between the valence and 
conduction bands. The special spectra of light with energy larger than Eg or 
wavelength shorter than 2, c can be absorbed or emitted by the semiconductor and 
contribute to the conductivity. 
The resistivity or sheet resistivity, pf)cm or R Wo (p=R/d, d represents the 
thickness of the film, refer to chapter 5), of a conductive material is contributed to by 
various electron scattering processes [72]. One factor that affects resistivity is electron 
collisions with vibrating atoms, which are displaced from their equilibrium lattice 
position. Impurity atoms, defects and grain boundaries are the other factors that affect 
the resistivity by locally disrupting the periodic electric potential of the lattice. This 
means the resistivity can become lower with a higher degree of crystallinity (more 
periodic lattice), smaller crystal peak shift (equilibrium lattice position), and larger 
grain sizes (fewer grain boundaries). Also, the resistivity of a semiconductor can be 
decreased markedly by adding some impurity atoms together with suitable post 
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treatment, because they provide free high mobility electrons. The result is a merger of 
the impurity band with the host conduction band forming a free electron gas, which 
culminates in a significant change in the band states, Burstein-Moss or blue shift [76]. 
The shift energy, the distance of the Fermi level from the bottom of the conduction 
band, can be expressed as AE- Nm/rn,, *, in which N represents the number of 
charge carriers, and in, * the electron effective mass. 
3. Z3 Dopantfunctionality in TCO coatings 
The main function of dopants in TCO coatings studied in this project, is as impurities 
in semiconductors to provide charge carriers by substitution on the lattice sites of the 
metal atoms or oxygen atoms. As Al-doped ZnO will be the main oxide 
semiconductor studied in this project, it will be taken as the example in the following 
description. Dopants for Zinc oxide can be divided into two groups: metals and 
halogens. Studies of the effects of different dopants in zinc oxide coatings, such as Al, 
In, Ga, Cd, Sn, Sb, V, Mg, F and S have been published [5,77-83]. Also, it is widely 
believed that the conductivity, transparency (cut-off point) and stability of the coating 
are very sensitive to the amount of oxygen and the concentration of dopants in the 
films. The mechanism of dopants contributing to the conductivity of a semiconductor 
is by providing the charge carriers. The charge carriers are introduced when impure 
elements (or dopants) substitute on the lattice sites, providing extra electrons. In zinc 
oxide, the metal ions of dopants normally replace the ions of zinc and extra electrons 
are produced. But the metal dopant ions also tend to combine with oxygen to form 
oxides instead of substitutional lattice sites of zinc ions if excess oxygen is supplied. 
As a result, the mobility of charge carriers is decreased and resistivity becomes higher. 
On the other hand, oxygen deficiency may create dangling bonds in the 
semiconductor, and the charge carriers are trapped by localized states in the forbidden 
band, therefore the mobility of charge carriers is reduced. The ions of halogen dopants 
replace the oxygen ions in the zinc oxide lattice, rather than taking the places of zinc 
ions. They contribute electrons, reducing the resistivity. Another advantage of 
so 
halogen elements is they do not react with oxygen, which may mean that the amount 
of oxygen present will not require strict control. 
It has been proved by Ellmer and his colleagues [12] that the electrical properties of 
zinc oxide films depend on the crystallographic perfection (grain size, strain) of the 
films. Larger grain sizes and lower strains decrease the boundary energy of a crystal 
material, therefore leading to higher mobility of the charge carriers. The size of the 
impurity ions can also, therefore, influence the resistivity. Dopant ions of similar size 
to zinc or oxygen are able to avoid lattice distortions, this minimising film stresses. 
However, the amount of dopants should be limited in the films, because the ions of 
dopants tend not only to substitute host ions, but also to take up interstitial positions, 
distorting the crystal lattice. Higher strains increase the potential barrier between the 
grains, leading to lower mobility of the charge carriers. 
Additionally, dopants in the film can make the transparency line shift to higher 
energies of the band gap, which is correlated to the increase of the carrier 
concentration [741 - Burstein-Moss shift. This is also in conformity with the study of 
Al-doped zinc oxide in this project. This blue shift can be useful for some electric 
devices, such as emission displays [84]. 
Another effect of dopants is on the stabilization of the properties of coatings. The 
mechanism of dopants to decrease the resistivity and enlarge the band gap energy of 
TCO coating is to provide extra electrons by substitution on the host lattice sites, 
which is much more stable than the deficiency of oxygen because there are more 
metal atoms in the film, which tend to be re-oxidized in the oxygen atmosphere, 
resulting in higher resistivity. 
3.2.4 Doped zinc oxide coating 
Zinc Oxide is a ceramic material with wurtzite crystallinity. Zincite, the mineral name 
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of zinc oxide, is known for its very rich storage in the earth's crust, which makes zinc 
oxide easy and cheap to be obtained. The properties of zinc oxide can be referred from 
the beginning of section 3.2 in table 3.1. 
Zinc oxide coatings can be prepared by many deposition techniques, such as thermal 
evaporation [85], chemical vapour deposition (CVD) [86], chemical spray [82], 
sol-gel [1], electron beam evaporation [87], pulsed laser deposition [88] and 
magnetron sputtering [89-931. The optical and electrical properties of TCO coatings 
depend on the film composition, structure, crystallinity, defect density, surface 
roughness and dopant concentration [3,94-95]. These properties are, in turn, strongly 
dependant on the deposition processes, or parameters. The new development tool of 
pulsed magnetron sputtering from powder targets has been used in this project to 
produce high quality TCO coatings. 
During magnetron sputtering, there are three key parameters that must be controlled. 
Firstly, the control of the doping materials and their amount in the target gives the 
possibility of achieving lower resistivity due to electrons provided by the 
substitutional effect of dopants in the zinc oxide. Secondly, the deposition 
atmosphere, especially the concentration of oxygen, must be controlled. The 
resistivity of zinc oxide films varies with the amount of oxygen in the plasma. Oxygen 
deficiency in the films may cause a decrease in transparency and an instability in the 
resistivity of the coatings due to the trend of rich zinc atoms combining with oxygen 
when exposed in air or suitable atmosphere, reducing the mobility of free electrons. 
An excess of oxygen during or after the deposition will cause a loss of the 
substitutional effect of dopants on the lattice sites (the carriers mobility decreases due 
to oxidization of the metal dopants). Finally, the temperature of the substrate and the 
flux and energy of particles incident at the substrate will also influence the properties 
of zinc oxide coatings. Following deposition, the properties of the films can be further 
modified by annealing treatments under conditions of varying time, temperature and 
atmosphere. 
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Magnetron sputtering can be driven by DC, pulsed DC, MF or RF power supplies. For 
the deposition of doped-zinc oxide coatings, in the DC case, the commonly used 
commercial method is reactive magnetron sputtering of alloyed metallic targets [2, 
12,105 and 107]. Although some research [93,136 and 158] claims that ceramic zinc 
oxide and alumina targets, sintered in nitrogen and hydrogen or argon above 1 OOO'C, 
were used. For the RF case, sintered ceramic targets are the common route, because 
RF power supplies are able to sputter ceramic targets without arcing problems [3,87 
and 92]. NIF or AC power supplies are also used in reactive magnetron sputtering, 
especially in large area commercial industries [4,90,159-160]. Also, Jin and 
Hamberg in their research [105] combined RF and DC power supplies in a double 
magnetron sputtering process to produce the ZnO: AI thin films, in which the zinc 
oxide ceramic target was connected to a RF supply and a metallic aluminiurn target 
was connected to a DC supply. In most cases, the Al-doped zinc oxide thin films were 
found to have resistivities in the order of 10-292cm to 10-4ncm, and transmittances of 
80-83%. In one exceptional case, Chang etc. [94] reactively sputtered a metallic target 
using a RF supply, but the results showed no significant differences, compared to 
those from the above examples. The doping concentrations studies in all the cases 
referred to here varied from I- 10 atO/o, and within this range, it has been claimed [90] 
that 3-5atO/o doping concentration gives the optimum electrical and optical properties. 
In reactive sputtering, the main effort was paid on the control of the partial pressure of 
the reactive gas. Research by Von Ardenne Anlagentechnik [159-160] showed that 
the possible process window for obtaining enhanced deposition rates with good TCO 
properties during the reactive sputtering of ZnAl alloy targets was much narrower 
than that for metallic zinc targets, and at low target powers a low partial pressure of 
the reactive gas was necessary. To avoid the complicated processing in reactive 
magnetron sputtering, RIF power supply becomes a good choice to sputter the ceramic 
targets. 
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Apart from the doping concentration and the partial pressure of reactive gas, there are 
another two ways in magnetron sputtering to achieve the desired electrical properties: 
control of the substrate temperature; and control of the post annealing process. For 
example, substrates have been heated up to 250T to 500T before deposition [90,92, 
94], and ZnO: AI thin films have been post annealed at above 400T for 1-2hours in 
controlled atmospheres, such as vacuo, or mixtures of nitrogen and hydrogen gas [3, 
87]. 
Most studies of ZnO: Al thin film are on glass substrates [90-94], although reports of 
the use of polymeric/organic materials [106] and silicon wafers [161] as the substrate 
were given. In the polymer case, the resistivity of the ZnO: AI films were only about 
3.6x 10-29)cm with an average transmittance of 83%. The reason for the relatively high 
resistivity was that the temperature ofthe substrate had to be controlled no higher than 
150'C and no post annealing process could be performed. The properties of the films 
on silicon wafers were comparable to those on glass slides. Care had to be taken when 
the silicon was used was that the initial deposition power had to be low to minimise 
the surface damage on the silicon wafer due to energetic particle bombardment from 
the plasma. 
Not many researchers report the use of pulsed DC power in the magnetron sputtering 
processes, which may be because this is still a relatively new technique in laboratory 
and industrial use. One report from the Journal of the Korean Ceramic Society in 2004 
mentioned the use of pulsed DC power in the production of ZnO: Al coatings. 
Another, by Delahoy etc. [162], claimed that the features of the method were high 
plasma density, high deposition rate, arc-free operation, easy and controllable 
deposition of insulating materials, etc. Therefore, the combination of pulsed DC, 
closed magnetic field and powder targets appears to be a new tool in the magnetron 
sputtering processes. 
It is well known, and has already been demonstrated in this project (refer to chapter 8), 
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that doping zinc oxide with aluminium. can change the optical property (enlarge the 
band gap energy) and improve the conductivity (decrease the resistivity after suitable 
post-treatment). For example, the resistivity of Al-doped zinc oxide films decreased 
to the order of 10'3 Q cm compared to that of pure ZnO film (1.4xl 0-10 cm) after 
annealing under a pressure of 10-5 mbar, at a temperature of 470*C for 2 hours, 
although both as-deposited pure ZnO and Al-doped zinc oxide coatings deposited 
under argon and oxygen atmosphere are insulating before the annealing treatment. 
The details above concentrated on aluminium doped zinc oxide coatings. In practical 
uses, a wide range of dopant materials can be chosen dependent on the applications. 
The functions of different dopants in zinc oxide are various, which depend on the 
applications of the doped zinc oxide. For example, ZnO: Er thin films are used for a 
blue luminescence [96]; A], In, Cu, Fe, Sn and Sb are used as dopants in ZnO films for 
sensors [97-98]; Cu and N co-doped ZnO are used as a p-type TCO [99-100]. Also, 
Ga [31,77,1011, In [102], F [821, Se [103] and V [81] elements have all been studied 
as dopants in zinc oxide films, in addition to the wide investigation of Al as a dopant 
[4,104-106]. 
There are many kinds of applications for ZnO coatings, which are related to different 
principles. For instance, ZnO coatings used in photoluminescence (PL) detectors or 
emission displays utilizing the higher PL intensity or band edge emission at the 
wavelength of about 380 nm when laser light with the wavelength of 351 nm comes 
through the photornultiplier tube detector [86-88]. Zinc oxide films can be used in 
ozone sensors because they exhibit conductive sensitivity by changing resistivity by 
several orders of magnitude after exposure to an ozone atmosphere [107]. The high 
reflectance function in the range of infrared wavelengths of ZnO is an important 
property for architectural and automotive applications. ZnO piezoelectric coatings 
used in an optical fibre laser were also reported recently [108,163]. Zinc oxide 
coatings, as transparent conductive oxides, are mainly used as electrodes in solar cells, 
or in displays, such as cathode ray tubes (CRT), liquid crystal displays (LCD), thin 
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film transistors (TFT) and plasma display panels (PDP), etc [ 109]. As a TCO coating, 
zinc oxide has the dual roles of acting as a window layer and as an electrically 
conducting contact layer. Figure 3.6 shows a typical application of the ZnO coating 
acting as a transparent conductive oxide. 
Schematic of CIGS solar cell 
Front electrode and AR layer (PVD) 
Junction layer (chemical bath) 
--w- Absorber (co-spuftering) 
--a- - Back electrode (PVD) 
'Layers' Issue 14, Feb 2000, Balzers; Ltd 
Figure 3.6 Typical application of TCO coatings 
3.2.5 ITO and multi-component TCO coatings 
Tin-doped indiurn oxide (ITO) coatings are the most widely used transparent 
conductive oxide coatings in applications, such as optoelectronic components, 
photovoltaic solar cells, flat panel displays and electro luminescent devices [1,105, 
121-123], which have been studied for more than forty years [110]. The preparation 
techniques include DC, pulsed DC and RF magnetron sputtering [112-118], 
evaporation [119-120], sol-gel [1,121], CVD [122] and spray pyrolysis [123], ect. 
Post-annealing treatments e. g. thermal heating [115], electron plasma annealing [124] 
and excimer laser annealing [125], and various annealing atmospheres [1,123-124] 
have also been studied. The optical and electrical properties of ITO coatings are 
sensitive to process parameters and depend on control of film composition, structure, 
crystallinity, defect density, and dopant concentration [126-128], which were proved 
in this project. 
Both alloy metallic [ 114,126] and ceramic [ 112,125] targets were used in DC and 
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MF magnetron sputtering. The doping concentrations of the targets varied from 
3-14at%, with about 5at% Sn doping proving to be optimum [125] to obtain the 
desirable properties of the coatings. May compared metallic and ceramic targets, DC 
and MF powers and single and dual magnetron configurations in her work [114]. The 
coatings had maximum transmittances of 89% and resistivities in the order of x 
10-40cm. There was no need to heat the substrate when a metallic target was used, but 
post annealing under controlled atmosphere, such as in vacuo, was required. The best 
result was obtained by DC/DC sputtering the ceramic targets with the substrate 
pre-heated to about 300'C. This resulted in coatings in which the resistivity was 
slightly lower than those obtained by MF sputtering. The advantages of using ceramic 
targets were high deposition rate and no post annealing or reactive gas control was 
required. Also, it was proved that the dual magnetron sputtering produced the coatings 
with the most uniform properties. 
ITO coatings have also been produced by using RF power supplies and ceramic 
targets [115-116]. As above, either heating the substrate or post annealing was 
required to achieve the low resistivities of the coatings. The lowest resistivities of ITO 
coatings could be in the order of 10-592cm, but more commonly 104f2cm, with 
transmittances of 80-85% [1101. Pulsed DC power supplies have also been reported 
for sputtering ceramic targets to produce ITO coatings [113], but this work was only 
begun recently. 
Besides commonly used glass, polymers were also used as the substrate [115]. Due to 
the restriction of the operating temperature, the resistivities of the coatings were still 
too high, such as 250 Q/b to be practical applications. 
There are many factors affecting the properties of the films, such as oxygen partial 
pressure in the plasma, power supplied to the targets, substrate temperatures, 
annealing treatments, even the thickness of the films, etc. The studies Morikawa and 
his colleagues [124] showed that tin in amorphous films was not only unable to 
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provide free charge carriers, but also contributed to scattering of the carriers, which 
led to an increase of the resistivity. Tin atoms were ionised in crystalline ITO films, 
which provided free charge carriers to reduce the resistivity of the films. Another 
interesting study [164] showed that the resistivities of ITO coatings decreased as the 
substrate temperatures increased, and the power from DC supply decreased. HO-Chul 
Lee etc. [165] showed in their study that the carrier concentration increased and 
mobility decreased as the thickness of the film increased. The resistivity of the film 
increased rapidly when the thickness ofthe filmwas below 50nm [110]. 
Recent studies of ITO coatings have gone deep into theoretical understanding [128], 
although this understanding is still limited. The review by Granqvist [ 128] stated that 
three s-like symmetry impurity bands may be formatted when a tin atom replaces an 
indium atom, and one of these bands overlaps the conduction band of indium. oxide, in 
which the Fermi level of ITO is located. That is the reason of the free-electron-like 
properties of the ITO film. Also, the substitution of tin atoms did not change 
significantly the shape of the density of states around the bottom of the conduction 
band, which meant that the electron scatterings did not serious affect the resistivity of 
the film. 
Recently, Minami et al, used magnetron sputtering to study a new family of 
transparent conductive coatings using ternary compounds ranging from 
multi-component zinc oxide and indium oxide to zinc, tin and indium oxide, 
magnesium and indium oxide, gallium and indium oxide etc. [5-11]. Naghavi et al, 
also, investigated multi-component zinc and indium oxide coatings, this time using 
pulsed laser deposition [129-133]. Toshihiro Miyata et al [81,134-136] reported on 
TCO coatings doped with multiple materials and prepared by a variety of deposition 
techniques. It is believed that the structures and properties of these ternary-compound 
films can be controlled by varying their compositions. 
The effects of the differe co-dopants varied. For instance, the chemical stability of 
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Al-doped zinc oxide coating could be improved by using Cr or Co co-dopants. Sn and 
Zn doped In2O3 coating exhibited good electrical, optical and chemical properties. 
(Zn2ln205)x-(Mgln2O4)1-x multi-component oxide thin films showed stable sensitivity 
as gas sensors, which could be controlled by altering the composition. Moreover, the 
preparation of multi-component oxides such as Zn2ln2O5 -In4Sn3OI2 were reported as 
well [137]. 
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4. THE POWDER RIG 
4.1 Design and Commissioning of the Rig 
The distinct characteristic of the so-called powder rig is that, instead of conventional 
solid plates, powders or mixtures of powders can be used as targets without the need 
for further processing. Powders can be mixed according to the requirement of 
composition by blending appropriate quantities in a rotating drum for several hours. 
Then a single composition powder or the mixture of several different kinds of 
powders is evenly distributed across the surface of the copper backing plate on the 
magnetron to form a target - the 'powder' target. Although sintered powder targets 
have been used elsewhere [135-137], the author has not found any references to other 
researchers using powder targets prepared in this way. The reasons for adopting this 
technique are that they can offer many advantages over solid targets for certain 
applications. 
Firstly, the use of powder targets can be more convenient and cheaper than that of 
solid targets. For example in solid targets, only a small amount of the target material is 
consumed - the 'racetrack' area - before the target must be replaced. Sintered ceramic 
targets also have a disadvantage that they can be quite delicate and fragile and may 
crack under a high sputtering power, thus limiting deposition rates. Also, the 
processes of sintering targets are expensive and require long lead times. The 
introduction of powder targets solves these problems. The powder can be re-spread 
again and again after sputtering, therefore the target material is used more efficiently, 
and the mixing process for powder blends is much easier than that of sintering, and 
more convenient to obtain the targets. 
Secondly,, the powder target can be a very useful tool for seeking an optimum 
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composition of coating materials to pursue the optimum combination of coating 
properties. Because it is easy to mix the blends and form the targets, the compositions 
of the targets can be changed very conveniently. Therefore, there is no need to order 
many different target compositions to complete an experimental array. It is only 
necessary to order the main powder materials and mix them together in the 
appropriate quantities according to the required compositions or atomic ratios of the 
powders. In this project, five dopant materials were selected and each was used at 
three doping levels, covering the doping range presented in most of the public 
literature [3,85,90-95]. If conventional solid targets had been used, 23 targets with 
different compositions would have been required to be ordered or manufactured by 
sintering. When forming the powder targets, the powders were blended to the desired 
doping level, mixed in a rotating drum for several hours and then spread on the 
backing plate as targets. Not only doped ZnO runs but also the tin-doped indium oxide 
(ITO) runs and multi-component runs are good examples of the use of powder targets 
to select the optimum coating compositions. 
4.1.1 Th e design of th e po wder rig 
The rig was built specifically for use with powder targets. Therefore, the magnetron in 
this system was designed to face upward in order to hold the loose powder as a target. 
Pictures 4.1a, b and c show the targets in on-work (sputtering) situation, off-work 
(target changing) situation and the micrograph of the powder blend's surface of a 
target respectively. A powder or powder blend can be spread evenly over the 
magnetron backing plate, which was recessed to a depth of approximately 2mm, then 
gently tamped to form a target with an even, smooth surface. The upward facing 
magnetron was unbalanced with the strength of outer north ring stronger than that of 
inner south pole. Another dummy magnetron containing only an outer ring of south 
magnets was positioned directly above the unbalanced magnetron, which in turn 
formed a closed magnetic field around the substrate holder. High field strength rare 
earth magnets were specified for both magnetrons, with a maximum field strength of 
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2.2kG at the target surface in the unbalanced magnetron. 
AMP 
t", 
(a) on-work target (b) off-work target 
(c) ZnO-4wt% A1203 powder blend for use in target production (SEM) 
Picture 4.1 the macro- and micro- graphs of the powder targets 
ý; o 
The substrate holder was positioned above the target, and could be adjusted to allow 
the optimization of the substrate position within the plasma in the range from 50mm 
to 250mm above the target. All of those were mounted in the chamber. 
The chamber, originally a Nordiko 255 system, was fabricated from stainless steel and 
had dimensions of approximately 750mm diameter x 325mm deep. The top and 
bottom plate were made from aluminum alloy and attached by high tensile cap head 
screws. A 500mm x 290mm rectangular door in front of the chamber allows access to 
the chamber. The bottom plate is provided with three 180mm diameter ports, one of 
which was used for installing the magnetron, and an outlet port to the diff-usion pump. 
The top plate is provided with three ports of 160mm diameter (the one directly facing 
the magnetron port on the bottom was used to mount the dummy magnetron), and two 
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of 50mm. One of these ports was used to mount the chamber Pirani and Penning 
gauges, and the other for the Baratron gauge. Picture 4.2 gives a general view of the 
rig. 
I 
Picture 4.2 the general view of the powder rig in the Surface Engineering Lab in the 
University of Salford 
The schematic pumping system can be seen in figure 4.1 [13 8]. In the system, a Varian 
VHS 250 diffusion pump is backed by a Leybold Trivac-60A rotary pump, which 
work together and allow the system to be evacuated to the pressure lower than 
IxIO-5mbar or 10-3 Pa. The working range of the Pirani gauge is pressures above 
5xI 0-3 mbar or O-5Pa, and that of the Penning gauge is pressures between IXIO-3 mbar 
or O. lPa and IxIO-6mbar or ION. The Baratron gauge is used between these ranges: 
10-2 -10-4 mbar or I-O. OlPa. 
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Figure 4.1 the schematic representation of the pumping system of the powder rig. 
There are many factors influencing the evacuation speed of the pumping system. For 
example, water vapour condensed on the chamber walls, which exists all the time 
while the chamber is opened to atmosphere; contaminants such as grease and trapped 
gas present in the chamber; and small leaks within the chamber and pumping pipes, 
which can only be minimized, but never completely eliminated. The powder rig is 
adequate in respect of the pumping speed, in that it can be pumped down practically to 
10-3 Pa within three hours. 
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The water cooling system is an important part of the rig. The cold water supplies the 
magnetron to prevent the target from overheating. It also supplies the diffusion pump 
and the cold trap above the diffusion pump to improve the pumping efficiency of the 
diffusion pump, and to reduce the back streaming of pump oil into the chamber. 
Figure 4.2 shows the schematic representation of the cooling system of the rig. Flow 
switches were installed to shut down the electrical supply either to the magnetron 
power supply or diffusion pump in case of failure of the water supply. The water flow 
rate to the cooling system is controlled by a flow control valve, which is situated in the 
inlet supply line. 
TT 
Magnetron 
Cooled, - 
Baffle Baffle fl 
. Diffusion- ausion 
-. 0, 
In luirnp 
Flow 
switche" 
Flow 
.r Controlle 
Inlet Manif'old Outlet Mani t'old 
From Cooled Water Supply To Cooled Water Supply 
Figure 4.2 the schematic representation of water cooling system of the powder rig 
All deposition work in this project was carried out using Advanced Energy Pinnacle 
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Plus DC power supply. The Pinnacle Plus supply offered a large range of options in 
tenns of deposition parameters, with the pulse frequency ranging from 5 to 35OkHz, 
duty cycle from 50% to 97.5% and power output up to 1 OkW. The supply can operate 
in current, voltage, or power regulation modes. 
4.1.2 The commissioning of the powder rig 
A commissioning exercise was carried out to demonstrate that all aspects of the 
powder rig were functioning as required. The substrates used in this project were soda 
lime and BK7 (Borosilicate) glass slides, and the main powder used was doped zinc 
oxide. Therefore, alumina and zinc oxide powders will be given as examples in the 
following description. 
For target preparation, single materials can be spread directly onto the backing plate. 
For mixed blends, e. g. Al-doped ZnO, the weight of alumina required to produce the 
desired atomic dopant ratio (usually in the range I- 10 atvo) must be calculated. It was 
proved in this project that the compositions of the coatings are the same or very 
similar to those of the target blends. Both powders (or more in the case of 
multi-dopant compositions) were then measured (to 0.0 1 g) using electronic scales and 
mixed together. The mixture was then put into a bottle that was located on a rotary 
drum for several hours. Finally, the blends could be evenly spread on the backing plate, 
as for the pure materials. A cylindrical stainless steel block was adopted to lightly 
tamp the surface of the powder to form a target with evenly smooth surface. 
For safety reasons, a mask and a pair of gloves were worn during the whole process 
from measurement of the powder to tamping the powder to form a target. The risk and 
potential hazards associated with the use of each new powder must be assessed. 
The next step was to clean the substrate. Numerous cleaning techniques and materials 
are available for glass substrates. A detailed investigation of cleaning techniques was, 
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therefore, carried out at the beginning of this project and the results are given in 
Appendix-I. 
The pumping system of the powder rig is fully manual in operation. Beginning from 
cold, the start-up procedure is as follows (in reference to figure 4.1): 
1. Switch on rotary pump with valve A (the backing line) open and all the other 
valves closed till the diflusion. pump and the backing line is pumped out to a 
pressure below 0.1 Pa (Gauge G 1). 
2. Switch on the cooling water system. 
3. Switch on the diffusion pump and allow about 20 minutes for it to heat up. 
4. Close valve A (backing line) and open valve B (roughing line) to rough-pump the 
chamber until the pressure is below 1 ON (Gauge G2). 
5. Close valve B and re-open valve A and gradually open valve C (high vacuum 
valve) to continue pumping the chamber down to base pressure (gauge G3) by 
both the diffusion pump and rotary pump. 
The chamber is then backfilled with an inert gas, usually argon, or both inert and 
reactive gases if needed, to the required coating pressure (gauges G3 and G4), which 
is typically 0.4 and 0.2Pa, respectively, in this system. At this pressure the plasma can 
be ignited and the deposition process initiated. 
The Advanced Energy Pinnacle Plus pulsed DC power supply was connected to the 
target. The connection point was covered by a box, which was grounded to earth, to 
protect the operator's safety. 
?I 
in this pruject, the pulsed DC power supply was operated in current regulation mode 
(asymnIdAc' lor pulse waves). The duty cycle and pulse frequency were changed 
in certain s-, - although they were fixed on 62% and 350kHz, respectively in 
most of the research runs. The deposition parameters will be discussed in chapter 6. 
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The operation procedure were are as follows: 
1. Connect the power supply to the magnetron. 
2. Turn on the Pinnacle Plus. 
3. Adjust the operation conditions, such as asymmetric pulsed mode, and set up 
parameters, e. g. frequency, duty cycle and current. 
Make sure that the pressure in the chamber and the operation parameters from pulsed 
power supply etc. are all in the right states. Finally press the 'power on' button to 
begin a deposition run. 
The time of a deposition run depends on the thickness of the coating required. Also, it 
varies with the deposition process (magnetron configuration, reactive or non-reactive, 
etc. ) and the material to be deposited. 
After deposition, the power supply was switched off first. Then the high vacuum 
valve was left open until the coated substrate had fully cooled down to room 
temperature. Secondly, the Baratron and Penning gauges must be switched off to 
protect them from damage. Finally, make sure the valve A on backing line is open and 
valve B on the roughing line and high vacuum valve C are closed, then the vent valve 
can be opened to allow the chamber up to atmosphere. Open the chamber door when 
the pressure inside the chamber is balanced with the air pressure outside, and take out 
of the coated samples. The coating then is ready to be checked to assess its properties. 
If the rig needs to be completely checked, such as cleaned or repaired, then the pumps 
have to be switch off. In this case, switch off the diff-usion pump first, and leave it to 
cool down at least half an hour before the rotary pump is turned off. 
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4.2 The Modification of the Powder Rig 
4.2.1 The gasflow control units 
Following the successful commissioning of the powder rig, it was decided to make 
several modifications to improve the coating properties and enlarge the research fields. 
One of the modifications was to be able to accurately measure the gas flow (argon and 
oxygen) input into the chamber. This is important to achieve reproducible coating 
conditions, and also to compensate for losses of oxygen in the plasma. Oxygen atoms 
are more easily lost than the metal atoms and argon atoms due to their lighter weight 
than those of the others (the free mean path of oxygen is larger than that of argon or 
some metal atoms. ). Moreover, the properties of oxide coatings, especially the optical 
and electrical properties oftransparent conductive oxide films are very sensitive to the 
oversupply or deficiency of oxygen in the deposition atmosphere. [12] 
Two surplus Brooks 5850TR mass flow controllers were, therefore, installed on the 
rig. Both instruments were checked and recalibrated by Flotech Solutions of 
Stockport to meet the proposed experimental conditions. One of them was set to 
deliver argon flow in the range between 0.7 and 35mls/min (or sccm), the other was 
set to control oxygen flow in the range between 0.2 to 10mls/min (sccm). The range of 
the argon flow controller was sufficient to supply argon gas to adjust the pressure of 
the chamber from 10-3 to 0.6 Pa. Also, the range of the oxygen flow controller was 
accurate enough to deliver the small amounts of oxygen necessary to maintain coating 
stoichiometry. 
4.2.2 RF biaspower supply 
The second modification for the rig was to connect a 60OW Advanced Energy 
RFX600 power supply to the substrate holder, which allowed the power levels to be 
set and the incident power to be tuned conveniently. The matching box was mounted 
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the top of the chamber, as close as possible to the substrate holder. 
There were two reasons for adding a RF power unit to the rig. One is to use RF to 
sputter clean the glass substrate in-situ, prior to deposition. With a large flat metallic 
substrate holder (as an extended inductance), the RF tuning can be controlled well. 
For 250W incident RF power, the reflected power normally can be tuned within 
30-50W In fact, the effectiveness of plasma cleaning by RF power supply has been 
proved in the investigation of glass substrate cleaning techniques. The experiments 
and conclusions of this study are detailed in Appendix 1. The conclusion was that the 
adhesion of the coating to the substrate was improved by in-situ cleaning by this 
technique. 
The second reason is to RF bias the substrate, if required, during deposition. Dr. Peter 
J. Kelly [139] studied the influence of bias voltage on the adhesion of coating to 
substrate and properties of coatings in his PhD thesis. It was concluded that the 
appropriate bias voltage was very important to obtain the required properties of the 
coatings and better adhesion. Figure 4.3 shows the schematic representation of the rig 
after modification [140]. 
Dummy 
magnetron Substrate h eater RF Bias 
supply 
Substrate 
holder 
Powder 
target 
To vacuum 
pumps ulsed DC 
su pply 
Figure 4.3 the schematic representation of the modified powder rig. 
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hlý. 
4. Z3 In-situ heater 
In order to achieve satisfactory values for the electrical properties of transparent 
conductive oxide coatings, it is necessary to anneal the coating in a controlled 
atmosphere at temperatures of the order of 500'C [1,89]. The vacuum chamber 
presented an opportunity to anneal the coatings in a controlled atmosphere, with the 
added advantage that removal of the substrate sample for annealing would not be 
necessary. It was decided, therefore, to add an annealing facility to the chamber. 
Two quartz infrared heating elements were mounted on a pivot system beneath the 
substrate. The elements can be moved beneath the substrate from outside of the 
chamber during annealing using a shaft feed through. See schematic diagram in figure 
4.3 [1401 and picture 4.3, which shows the general view of the heater in the chamber. 
The power for the heater is supplied by a "Varatran" voltage controller with the 
capability of supplying 0 to I 000watts. 
Picture 4.3 a general view of the heater in the chamber. 
During annealing, the heater is moved beneath the substrate and set at a distance of 
approximately 20mm. One thermocouple is attached to the centre of the heater and 
another one underneath the substrate. The chamber is pumped down to a base pressure 
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of lower than 3xI 0-3 Pa, then annealing takes place, either in the vacuum or using 
nitrogen at pressures up to 4Pa. The heater supply increased gradually until the 
substrate thermocouple indicates the required temperature. The powers of the heaters 
are controlled to lower than 850W, which can allow heater temperatures of up to 
700'C and that of the substrate up to 650'C, to keep within the upper operating limit 
of the heater elements. With this facility in the chamber, post-annealing processes 
were carried out successfully. 
72 
5. ANALYTICAL TECHNIQUES 
It is important to analyze the characteristics and properties of thin films in practical 
applications. For TCO coatings, the techniques to analyze the electrical and optical 
properties involve the four point probe, Van der Pauw's method and 
spectrophotometry. The structural and compositional analysis techniques for thin 
films include scanning electron microscopy (SEM), electron probe micro-analysis 
(EPMA), X-ray diffraction (XRD), Auger electron spectroscopy (AES), Rutherford 
Backscattering Spectrometry (RBS), Secondary Ion Mass Spectrometry (SIMS) and 
X-ray photoelectron spectroscopy (XPS). The adhesion between film and substrate, 
and thickness of the films can be measured by scratch testing and surface profilometry, 
respectively. 
5.1 Analysis of Electrical Properties 
5.1.1 Basic concepts of the electrical properties of semiconductor materials 
The basic electrical semiconductor parameters are the conductivity, a, or resistivity, 
P, the majority carrier concentration (n), the type (N or P) and the mobility, 11 , the 
diff-usion constant and lifetime. There are several laboratory techniques for measuring 
those parameters. In this chapter, two of them; the four point probe and Van der 
Pauw's techniques, will be discussed to measure the former four parameters. 
Electrical conductivity is a measure of how well a material accommodates the 
transport of charge carriers, which are movable and flow when a difference of 
electrical potential is applied across the material, with units ohm. m7l. 
The resistivity is the reciprocal of the conductivity, the basic parameter of the 
conductive property of a semi-conductive material, with units ohm-cm (0 m). 
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There is another parameter, sheet resistivity, to refer to the conductive property of thin 
film materials. It represents the resistance between two sides of a square and is 
independent on the area of the square if the area is much larger than the thickness of 
the thin film. 
Both resistivity and sheet resistivity are dependent on the material itself, not like the 
resistance, which refers to the capability of a material to pass the current and may be 
affected by the shapes of different samples. 
Since different materials can have the same resistivity, and also a given material 
might exhibit different values of resistivity, depending upon how it was synthesized, 
the definitions of carrier density and mobility are introduced which are capable of 
further understanding the electric properties of a material, especially a semiconductor. 
The definitions of carrier density and mobility involve the concept of Lorentz force 
and the interaction of electric and magnetic fields. 
Lorentzforce refers the force F that an electron experiences when it moves along a 
direction perpendicular to an applied magnetic field B (Wm72). The force is normal to 
both directions of the electron movement and magnetic field. 
The force acts on the charge carriers, such as electrons in an n-type semiconductor, 
moving at a drift velocity v, opposite to the conventional current direction. The 
electrons will be pushed along the force direction, whilst in turn the semiconductor 
loses its local neutrality; the side opposite to the force direction becomes depleted of 
electrons, and the other side receives an excess of electrons. This gives a measurable 
voltage VH, called the Hall voltage, see figure 5.1. For p-type semiconductors, even if 
the charge carriers (holes) move in the same direction as the current, the force will 
also be in the same direction as in the figure, and there will be a polarity Of VH in the 
reverse direction. This phenomenon is called Hall effect, discovered by E. Hall in 
1874. 
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VH 
Figure 5.1 the Hall effect on an n-type semiconductor with current density J in a normal 
magnetic field B, results the force F acting on the electron q carrying the current [731 
We assume that a constant current, I, flows along the x-axis from left to right in the 
presence of a z-directed magnetic field, B. The sample thickness is d and q represents 
the elementary charge (1.602 x 10-19 C) of an electron, n is the charge carrier 
concentration. Then the transverse hall voltage can be expressed as follow: 
VH = 
IB 
... Eq (5.1) qnd 
In some cases, it is convenient to use sheet carrier density (n, = nd) instead of bulk 
carrier density. One then obtains the equation: 
IB 
ns = 
qlVH I 
Eq(5.2) 
The sheet resistance, Rs, of the semiconductor can be conveniently determined by use 
of the Van der Pauw resistivity measurement technique or four point probe method, 
which will be discussed in the following sections. 
75 
The mobility OfAargwriers measured by the Van der Pauw's technique is called 
Hall mobility, 'Wich ý related to sheet resistance and sheet density, and can be 
expressed by thefollowing formulation: 
,UI 
VM 
-II... Eq (5.3) R, IB qn, R, 
S. L2 Four-pointprote 
Four-point proix- calculates the resistivity of the coating by measuring the voltage 
between two intier probes whilst a current is passed between the outer two. 
Figure 5.2 (a) shows fle basic measurement principle, in which the constant current is 
forced to pass t1rough points A to B and the difference of the potential between point 
C and D is measured by a voltmeter with a high input impedance compared to the 
measured value. The high input impedance voltmeter draws negligible current, which 
means the metal-semiconductor contact resistance at C and D do not affect the results. 
The current is constant and forced through the material. Therefore, it is not affected by 
the material itself and the resistances at points A and B. The resistivity of the material, 
according to the defmition will be: 
(Wd 
x ... Eq 
(5.4) (L) 
in which W, d and L represent, respectively, the width, the thickness and the length; V 
and 1, the voltage (difference of the potentials between point C and D) and current 
through points A and 111. This formula is true only in the case that the current flows in 
parallel lines. 
The commerciallY O'btainable probe is a more practical and simpler way to measure 
the resistivity, : 5ee fiawe 5.2 (b). There are four springy metal points, arranged in a 
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line, usually less than Imm apart, which can be lowered onto the semiconductor 
surface. The constant current is forced to pass through the two outer points and 
voltage is measured from the two inner points. The current density in this case is not 
uniform but it is found that this problem can be corrected by following formulas. For a 
semiconductor wafer, if the thickness of the wafer d is much bigger than the distance s 
between points, the formula will be [73] 
2nsV 
p= -(92cm) I 
Eq (5.5) 
On the other hand, if the thickness is much less than s, then: 
ýo =( 
ir )x (Vd) 
= 
4.53M 
(ncm) 
... Eq (5.6) In 211 
This method is very useful for thin semiconductor films. For a doped semiconductor, 
the resistivity will change if the dopant atoms of another type of impurity are allowed 
to diffuse at high temperature, but not uniform in depth. Therefore the sheet resistivity, 
R,, which measured in ohms per square is better to describe the layer conductive 
property than the average one. 
Rs = 2ý = 
4.53V (. (2 L7") 
... Eq (5.7) dI 
v 
A B 
DC c w 
L 
Figure 5.2 (a) the four contact method; (b) the four point probe to measure the resistivity. [731 
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5.1.3 Van der Pauw's technique 
Van der Pauw's technique - to obtain the electrical resistivity (p), the type, the Hall 
mobility (i, ) and the carrier concentration (n) of the semiconductor films by doing 
four probe and Hall measurements. 
Figure 5.3 schematic representation of a Van der Pauw configuration used in the 
determination of the Hall voltage, VH 
The sample geometry used to carry out the Van der Pauw measurement is shown in 
figure 5.3, which is suitable for measuring thin films of semiconductor materials. The 
thickness, d, of the sample must be much smaller than the distance between the 
contacts, L. 
For resistivity measurements, four leads are connected to the four metal contacts on 
the sample. These are labelled 1,2,3, and 4, counterclockwise as shown in figure 5.3. 
It is important to use the same batch of wire for all four leads in order to minimize 
thermoelectric effects. Similarly, all four ohmic contacts should consist of the same 
material. 
Then apply current from contact I to 2 to get the positive current 112 and measure the 
voltage from contact 4 to 3, V43. Reverse the current to obtain another current and 
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voltage group 12, and V34- Using the same method, 123,134ý l4b, 1149 143ý 132 and V23, V46 
V219 V143, V32 can be measured. 
Eight measurements of voltage yield the following eight values of resistance, all of which must be 
positive [71]: 
V 
R21,34 
-= 
V34 
, 
R12,43 = 43 
IN 112 
VI 
2 
V, 
R43,12 R34,21 = 
21 
, 
43 
IN 
v VI 
4 R32,41 ' 4, R23,14 = 
, 
32 23 
v- V32 
R14,23 ' 2, R41,32 ý- 
... Eq (5.8 , 14 41 
The sheet resistance Rs can be determined from the two characteristic resistances by 
the formula [71]: 
exp - 
ý! A- + exp 
RB 
... Eq (5.9) Rs 
) 
Rs 
RA = 
R21,34 + R12,34 + R43,12 + R34,21 
and 4 
R2 = 
R32,41 +R32,14+ R, 
4,23+ 
R41,32 
... Eq (5.10) 4 
If the conducting layer thickness d is known, the bulk resistivity p= Rs d can be 
calculated from Rs. 
The most common way of performing Hall measurements is to acquire two sets of 
Hall measurements, one for positive and one for negative magnetic field direction. 
The current passed into lead I and taken out of lead 3 is termed 113. Likewise for 13L. 
142ý 124. The Hall voltage measured between leads 2 and 4 with magnetic field positive 
for 113 is termed V24P. Likewise for V42P. VIR, and V31p. Similar definitions for V24N. 
VQNý V13M, V31N apply when the magnetic field B is reversed. 
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Then the Hall calculation is as follows: 
VC = V24P - 
V24N, VD = V42P - 
V42N, 
VE ý V13P - 
V13N) VF ý VRP - 
V31N 
... Eq (5.11) 
The sample type is determined from the polarity ofthe voltage sum Vc + 
VD + ME + VF. 
If this sum is positive (negative), the sample is p-type (n-type). 
The sheet carrier density (in units of cmý) is calculated from [71] 
8xlO-sIB 
q(Vc +VD +VE +VF) ... 
Eq (5.12) 
where B is the magnetic field in gauss (G) and I is the dc current in amperes (A). 
The bulk carrier density (in units of cm73) can be determined by n= njd if the 
conducting layer thickness d of the sample is known. 
The Hall mobility [71] 
P=1 (Cmlv-ls-, ) ... Eq 
(5.13) 
qn, R, 
is calculated. 
5.2 Analysis of optical properties 
Spectrophotometry - to measure the transmittance and reflectance of the films, and 
derive the optical constants n and k, via modeling. 
Spectrophotometry is the quantitative measurement of the reflection or transmission 
properties of a material as a function of wavelength. Depending on the machine used, 
measurements of reflectance and transmittance can be performed in the ultraviolet 
(UV), visible, and near-infrared (IR) spectral regions (250 run to 2500 run). The 
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schematic representation shows the basic structure of a spectrophotometer, see figure 
5.4. 
SANIPL 
SOURCE T OPTICS 
USER 
R PRO-OPTIX' 
I INTERFA 
DATAFILE 
Figure 5.4 the schematic representation of a basic structure of a spectrophotometer. 
I 
The light from the source is transferred by optics in the instrument and strikes the 
surface of the sample, where the light is divided into three parts - transmission (T), 
reflection (R) and absorption (A). The sum of the three parts should be equal to the 
input light. Therefore, a formula can be written, as follows if we assume the sum of 
input light is I 
T+R+A=l 
... Eq (5.14) 
Absorption refers that light is absorbed by an atom, ion or molecule, taking it to a 
higher energy state. There are three kinds of energy transitions: electronic, which 
normally occurs in UV and Visible ranges of the light, and vibrational and rotational, 
which happen in IR range of the light. 
When a spectrophotometer is employed to measure the amount of light that a sample 
absorbs, the instrument operates by passing a beam of light through a sample and 
measuring the intensity of light reaching a detector. 
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The beam of light consists of a stream of photons. When a photon encounters an 
analyte (in this project the analyte is a molecule of the thin film on the glass slide), 
there is a chance the analyte will absorb the photon. This absorption reduces the 
number of photons in the beam of light, thereby reducing the intensity of the light 
beam. In fact, a glass slide, as the substrate of a thin film, also has the chance to absorb 
the photons and reduce the light intensity. The absorption of the film can be accurately 
calculated by taking the intensity of light beam through the uncoated substrate into 
account. 
The nkd 8000 made by Aquila Instruments Ltd was used in this project. First, the 
intensity of light (Io) passing through a reference glass sample will identify the system 
error or incoherence from the instrument and light beam. Then the glass slide that is 
identical to the sample substrate is analyzed by the system, which provides the 
absorption of light by the glass slide. Second, the intensity of light (T) transmitted 
through the coated sample and the intensity of light (R) reflected from the coated 
sample are measured. Third, the experimental data --the transmittance (7) and the 
reflectance (R) are used to calculate the absorbance (A), absorption coefficient (k), 
refractive index (n), band gap (130 and film thickness (d) by modelling and calculation 
using the company's system software. 
5.3 Structural Analysis 
5.3.1 Scanning electron microscope 
Scanning electron microscopy (SEAV [26] - indicates the morphology of the structure 
(discussed in chapter 2) and thickness of the films, and also gives information on 
adhesion, by visualizing the surface, fracture edges and coating/substrate interface 
regions of a coated sample. 
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In a SEM, a focused high energetic electron beam is rastered over the surface of an 
electrically conductive material, which in turn causes the ejection of secondary 
electrons from the first 10-20 atomic layers of the surface. These secondary electrons 
are collected by the detector in the SEM and then reproduced as a digital image 
according to their intensities as a function of positions. A thin film of gold on 
insulating coatings may be needed to make the surface of the coating sufficiently 
conductive to prevent the charging up of the area under investigation and the 
subsequent repulsion of the electron beam. 
The digital image with a high resolution can be enlarged up to 150,000x times, with 
the typical magnifications of 20-50,000x. At a given magnification, it is impossible to 
obtain both the best resolution and depth-of-field at the same time, because good 
resolution needs a small beam dispersion of the electron beam with a small size exit 
aperture and a close working distance, in contrast, the maximum depth of field needs a 
long working distance as well as small exit aperture. Structural features, which are 
smaller than 100nm, are difficult to resolve because of the limited resolution. 
SEMs can be used in the modes of energy dispersive X-ray spectrometry (EDX) or 
wavelength dispersive X-ray spectrometry (WDX) as an electron probe 
micro-analyzer (EPMA) to determine the chemical composition of the film. The 
principle of EPMA is to use X-rays to characterize the atoms by electron-atom 
collisions from the region up to a micron below the surface, which allows elemental 
chemical analysis. 
S. 3.2 X-R ay diffra ctio n 
X-ray diffraction OMD) [149] - indicates the crystalline structure of the coating, and 
can also give information on texture, grain size and strain. 
The atomic planes of a crystal cause an incident beam of X-rays (if the wavelength is 
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approxumtely the same magnitude as the interatomic distance) to interfere 
(constructively and destructively) with one another as they leave the crystal. The 
phenomonen is called X-ra diffraction. Diffraction can occur whenever Bragg's Law Y 
[151] is satisfied with monochromatic radiation. Practically this is done by using a 
range ofX-ray wavelengths or rotating the crystal, or using a powder or 
polycrystalline specimen. 
Bragg's Law can be expressed as 
nA = 2dsinO ... Eq (5.15) 
in which X is the wavelength of incident beam, d the spacing of planes of atoms and 
0 the angle of incidence of the beam. If a beam of coherent waves is incident on a 
multi-layer of regularly spaced atoms, such as in crystalline materials, diffraction 
occurs when the angles of incidence satisfy Bragg's Law (see the schematic 
representation in figure 5.5). 
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X-Ray diffraction 
- Braggs Law 
nX 2d sin 0 
Incident beam Diffracted beam/ Incident beam Diffracted beam 
t di 02 
201 
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Figure 5.5 the schematic representation of X-ray diffraction [ 139] 
d2 
12 
The interatomic spacings in a crystalline material are a characteristic of that material. 
Thus, XRD traces can be used to identify materials through comparison with standard 
traces found in JCPDS cards (reference). The traces also give information on the 
texture (preferred orientation), grain size and strain present in a film through analysis 
of the positions, widths and heights of the peaks. 
Coatings deposited by PVD methods normally display preferred orientations in the 
form of columnar microstructures due to the limited number of directions that the 
coating atoms approach the substrate. Therefore, the particular peaks will appear 
when the reflected X-rays correspond with Braggs Law. Each peak is unique to its 
lattice spacing for a material, which in turn can be used to identify the preferred 
orientations or textures of the coating. 
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Figure 5.6 the schematic representation of the ideal diffraction peak (do) and practical peak (d) 
The peaks for a polycrystalline material can also be shifted from their equilibrium 
positions 20o to 20 (see figure 5.6) because of the elastically deformed lattice spacings, 
which can be used to estimate the strain in the coatings. A uniform tensile strain 
perpendicular to the reflecting plane can be written as follow: 
rz = 
d-do 
do .... 
Eq (5.16) 
in which c is the 'through-thickness' strain; d the coating lattice spacing and do the 
equilibrium spacing of the coating material. 
The line shape of a peak can give the information about the grain size of a coating or material. In a 
XRD system, several factors will cause peak line broadening, such as spectral broadening, 
instrumental broadening and physical broadening. Physical broadening (P) can be expressed as 
P=B-b Eq (5.17) 
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in which B is the observed FWHM (full width half maximum), the peak line broadening and b is 
the contribution due to instrument. The physical broadening is contributed by lattice strain (P. ) and 
crystallite size (0b). Voigt function [142] gives a good way to separate them. 
16.6 
... Eq (5.18) 4(tanO) 
and 
L= 
"A 
... Eq (5.19) 
'80 
(COS 0) 
where L is the crystallite size. 
In this project, the SIEMENS D5000 X-ray diffraction machine was used in the 0-20 
mode using copper K, radiation with X 1.5418A. 
5.3.3 Auger Electron Spectroscopy (AES) 
Auger Electron Spectroscopy (AES) [ 143] is a surface specific technique utilizing the 
emission of low energy electrons in the Auger process and is one of the most 
commonly employed surface analytical techniques to determine the composition of 
the surface layers of a sample. 
The Auger process involves two steps - ionization of an atom by removal of a core 
electron, and Auger emission by emitting an Auger electron. First, a core hole is 
created by applying a beam of high energy electrons (2-IOKeV) or so: ft-X-rays 
(1-2KeV) on the surface of the sample and removal of a core electron, which is called 
the ionization process. The ionization process retains the ionized atom in a highly 
exited state, which tends to relax back to a lower energy state by the second step; 
Auger emission. In the second step, the initial core hole is filled by a higher energy 
state electron accompanied by energy release. At the same time, a second electron 
obtains the liberated energy and overcomes the binding energy and is emitted as an 
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Auger electron. The result of the Auger process is to create holes in the atom by 
ejection of an Auger electron. The energy of the Auger electron can be written as, 
refers figure 5.6: 
E,,,, g,, = 
EK - (EL I+ 
EL23) 
... Eq (5.20) 
Providing the initial electron was ejected from K shell and the two final holes were 
created from L, and L23 shell, see figure 5.7. 
Vacuum level 
electron I ligh energy, 
\ 
Electron impact ionization 
00 da 0-00 
Figure 5.7 the schematic representation of a possible Auger emission. 
In general, since the initial ionization event is non-selective and can happen in various 
shells, there will be many possible Auger transitions for a given element - some weak 
and some strong, which will show a characteristic spectrum of peaks at various kinetic 
energies. Therefore this technique can be used to determine the elements and the 
composition present at the surface of a sample. 
AES can also be used to provide the compositional information as a function of depth 
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below the surface. It is realized by gradually removing material from the surface 
region being analysed whilst continuing to monitor and record the Auger spectra. The 
removal of the material is normally carried out by etching the analysed region by 
exposing the surface to an ion flux, which leads to sputtering of the surface atoms. 
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Figure 5.8 a typical auger spectrum 
5.3.4 X-ray Photoelectron Spectroscopy (XPS) 
Using the same principle as AES, the core electrons of the material from a sample are 
excited by soft X-rays, accompanied by the core electrons emitting [143]. These 
emitted electrons are called photoelectrons. The analysis of their kinetic energy 
allows the determination of their binding energies with the atoms of the analyzed 
material, which are unique to the material. Therefore, this analysis technique can be 
used to characterize the atoms by their core levels electron energy and to determine 
the chemical elements by defining their chemical bonds. Figure 5.9 shows the 
photoelectron emission process. 
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Figure 5.9 the process of a photoelectron emission [ 143] 
When a X-ray photon ejects a core electron, the electron has to overcome the binding 
energy (Eb) to arrive the surface of the atom, see figure 5.10. Then the extra energy 
(E, p) will be consumed for the electron escaping from the surface of atom to a 
conduction band. The whole energy that the core electron absorbs is the X-ray energy, 
hv. Therefore, we have the following formula to calculate the binding energy: 
Eb = hv - E, - Ep ... Eq (5.21) 
in which Ec is photoelectron energy. Figure 5.10 shows the contributions of a 
photoelectron. 
Photoclecron Energy 
Ec 
----------I C- 
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Electron Core level 
Figure 5.10 the energy constituents in the photoelectron emission process 
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Every XPS spectrum consists of a continuous line (see figure 5.11), resulting from the 
secondary electrons. The peaks are specific to the photoelectron, which will be 
analyzed. Every peak is named after the electronic level of which the photoelectron is 
emitted. Auger peaks may also appear in the spectrum. 
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Figure 5.11 atypical XPS spectrum 
5.3.5 Rutherford backscattering spectrometry (RBS) 
1200 1400 
it was found by Ernest Rutherford that high energy alpha particles (2MeV He 2+) could 
be elastically scattered back by the nuclei in the sample with the part of energy losses 
(website of the Centre for Industrial Technology Materials Analysis). The energy 
losses are dependent on the mass of the atoms from which the alpha particles are 
scattered, and the angle of the scattered particles, and the depth into the sample to 
which the particles travel before scattering. Thus, the backscattering alpha particles 
can be used to define the characterization of the heavier atoms in the sample and 
determine the elemental composition in the sample. Figure 5.9 shows a schematic 
RBS diagraph. 
Backscattering can only occur form the atoms that are heavier than the helium ions. 
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0 200 400 
For the atoms that are lighter than helium's will be elastic projected by helium ions. 
This measurement technique is called Elastic Recoil Detection (ERD). 
Ile 
0 detector 
sample 
Figure 5.12 scattering geometry in a RBS (source from Centre for Industrial Technology 
Materials Analysis) 
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Figure 5.13 schematic representation of SIMS analysis (source from Centre for Industrial 
Technology Materials Analysis). 
5.3.6 Secondary ion mass spectrometry (SIMS) 
The principle of SIMS is shown in figure 5.13. SIMS is a technique used to obtain 
information on composition by bombarding the material with ions and identifying the 
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subsequent sputtered particles [143]. SIMS is a useftil technique to study thin film 
compositions through depth. It can be seen that a primary ion beam sputters the 
sample surface to generate secondary ions, which are extracted from the sample. Then 
the extracted ions pass through the magnetic mass spectrometry to be separated. The 
signals of ions against depth, therefore are monitored in terms of ion-depth plots and 
ion elemental profiles. The further information on SIMS is not going to be detailed 
here because the analyses were carried out by Loughborough Surface Analysis Ltd. 
5.4 Analysis of Coating Adhesion and Thickness 
5.4.1 Scratch testing 
, 4dhesion is the state in which two surfaces are held together by interfacial forces, 
such as valence forces (chemical bonding), interlocking forces (diff-usion and 
pseudodiff-usion etc. ) or both. Adhesion can be measured either in terms of forces or 
work or energy. Scratch testing is a method used to measure the adhesion between the 
film and its substrate by measuring the maximum force per unit area exerted when the 
film and its substrate are separated. 
A Teer Coatings ST-3001 Hardness, Scratch and Wear Tester was used to test the 
adhesions of the fihns to the substrates in this project. The basic processes of scratch 
testing are: 
0 Fixing the coated sample onto the moving sample table. 
40 Setting the loading rate and scratching speed to ensure that the critical load is 
reached. The loading rate and scratching speed depend on the substrate and film 
materials; a maximum load of I OON can be used on glass slides. 
9 Pulling a diamond indenter across the coated sample with the normal load 
gradually increasing until the coating spalls off. The frictional force via a load 
cell can be registered as the diamond scratches the surface. The load at the 
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spalling point is called critical load. 
The failure point can also be determined by acoustic emission monitoring, which 
detects cracking of the film. The point of cracking can be viewed with an 
integrated video camera. 
Repeating the above steps four times and calculating the average critical load. 
Pulling a diamond indenter with the constant load at the average critical load can 
be used to confirm the critical load. 
A typical failure modes can be seen in figure 5.14 [28]. Six possible failure steps are 
included, whilst increasing the load onto the coated sample: 
0 Parallel cracks (1) 
" Semi-circular cracks (2) along the parallel channel. 
" External transverse cracks (3) at the edge of the scratch groove 
" Coating chipping (4), which indicates that the cohesive failure of the coating 
occurs. 
" Coating spalling (5) - the adhesive failure, and 
" Coating breakthrough (6). 
c q--j 
34 
Figure 5.14 possible modes of scratch failure. 
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Figure 5.15 schematic representation of a Dektak 
5.4.2 Surface profilometry (TalysurfilDektak) 
Surface profilometry (Talysurf/Dektak) is a technique in which a diamond stylus, in 
contact with a sample, can measure minute physical surface variations as a function of 
position to derive both surface roughness of the coating, and film thickness where 
partial masking is employed [28]. 
The Surface Engineering Group operates a Dektak3 ST stylus surface profilometer for 
the measurement of surface topography. This instrument has the capability of 
measuring step height down to a few run. The Dektak is controlled by a PC running 
Windows, making the system very easy to use. The software offers several data 
processing functions as well as image capture and storage. Figure 5.15 shows the 
schematically graph of a Dektak. 
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6. EXPERIMENTAL PROCEDURES 
The aim of this project was to produce novel TCO coatings by magnetron sputtering 
from powder targets. In sputtering processes, the target is normally in the form of a 
solid plate of the material to be deposited onto a substrate as a film. Instead of using 
solid targets, metal or ceramic powder blends, which can be spread on the surface of a 
magnetron, are used as the targets. The first stage of the experimental works was to 
investigate the mixing method of the powders, and to produce the standard procedure 
of forming the targets. 
The production of coatings, using zinc oxide and alumina powder as the targets, began 
with the investigation of the effective glass cleaning methods. The experimental 
arrays were designed using General Factorial and Central Composite design 
techniques to investigate cleaning techniques [144]. 
Secondly, to achieve the combined optimum electrical and optical properties of 
Al-doped ZnO coatings, Taguchi experimental arrays for annealing processes were 
designed and performed [145]. 
Thirdly, the traditional one variable method was used in the dopant runs, in which the 
different dopants and their compositions were chosen as the impurities of zinc oxide 
powder, and the effect of different dopants and their concentration on the coatings 
properties were studied. 
General Factorial Design was then used again to characterize the voltage waveforms 
of the target and substrate, and to investigate the effects of pulse frequency and duty of 
the pulsed DC power supply on the thickness of coatings in the CFUBMS 
configuration rig. To further investigate the characteristics of this rig, the top durnmy 
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magnetron was removed and ZnO: Al coatings were produced in UBMS configuration 
by both pulsed DC and DC power supplies. The effects of both magnetic 
configurations on the structure of the coatings were compared. Moreover, the ion 
saturation curves and self-bias voltages were measured in both CFUBMS and UBMS 
configurations. 
ITO coatings were produced, using the same pulse parameters as ZnO coatings, by the 
traditional one variable method. Target compositions were chosen to match 
commercially available ITO films, such as 5at% and 1 Oat% tin. The properties of the 
ITO coatings were analyzed and compared with those of the Al-doped ZnO coatings. 
As the blends were easy to mix and the powder targets were easy to prepare, further 
explorations were carried out to produce multi-component coatings, in which the 
experimental arrays were based on the one variable method. 
In this chapter, therefore, the General Factorial Design, Response Surface Central 
Composite Design and Taguchi analysis technique will be briefly described. The 
methods and procedures used for target preparing, sample preparing or cleaning and 
coating producing will be detailed as well. 
6.1 General Factorial Design, Response Surface Central Composite 
Design and TaguchiAnalysis Technique 
6. LI General Factorial Design 
General Factorial Design is one of the Factorial Designs in the DX 6 Design Expert 
Package [ 146]. There can be I to 12 factors in this design where each factor may have 
a different number of levels. All factors in this design will be treated as categorical. 
Therefore, the response surface design may be chosen if some factors are numeric. 
This design technique was used in the parameter runs, which can be referred from 
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section 6.5. 
6.1.2 Response Surface Central Composite Design 
Response Surface Central Composite Design is one of the experimental designs in DX 
6 Design Expert Package, which is based on Factorial Design. Five levels are needed 
per variable, which can be located on the surface of a sphere with the standard point at 
the centre. For two variables, the design can be in one block with 13 experimental runs 
or in two blocks with 14 experimental runs, depending on the number of replication 
runs at centre point. The array for two variables and five levels can be seen in the glass 
substrate cleaning runs [Appendix 1]. The properties or characteristics of the coatings 
from the samples, we call responses in the design, can then be input into the statistics 
software to be analyzed, which will help to decide the most desirable run parameters. 
6.1.3 TaguchiAnalysis Technique 
Taguchi analysis technique [145] is an experimental method in which fractional 
factorial arrays are developed from full factorial arrays (i. e. all possible combinations 
of variables) to reduce the number of experiments needed to be carried out, whilst 
obtaining an almost equal amount of information. The array may contain a number of 
variables, each at a number of levels. For example, a full factorial investigation of four 
variables at three different levels would require 34 experiments due to the possible 
combinations of the variables. By using of Taguchi design, there would be only nine 
experiments required. The reason for the large reduction in the number of experiments 
is that only main effects of each variable are investigated. The influence of each 
variable can be determined in terms of specific coating characteristics, we say 
responses in the design, by entering them into Taguchi analysis of variance software 
(ANOVA- TM). The level averages for each variable or factor for each response, e. g. 
resistivity as a response in this project, can be calculated and used to predict the 
optimum combination of variables. The level averages are simply the average value of 
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the response at each level (these can be numerical levels., i. e. 'low', 'medium', or 
'high', or categorical levels) for each variable, or factor tested in the array (e. g. 
annealing time, annealing temperature, etc. ). When expressed graphically for each 
response investigated, the significance of the factor becomes apparent from the 
gradient of the level average graphs, with the most significant factor having the largest 
gradient (positive, or negative). Zero, or low gradients means that the factor has no 
significant influence on the particular response. The optimum combination of factors 
to maximise, or minimise a response are selected on the basis of the level averages. 
Use was made of this experimental method in the annealing runs in this project, in the 
form of a L9 array, which can be referred from the section 6.3.2. 
6.2 Sample Preparation 
Standard commercial glass slides, both soda-lime and BK7 were used in this project. 
The experiment results for the substrate glass cleaning can be seen in Appendix I. The 
Factorial design and Central design were used in these experimental arrays, referred 
in Appendix I. In the following experiments in this project, the glass slides were 
polished by 'Windowlene' (a commercial window glass cleaner), or solvents, such as 
IPA or acetone, to smear free finish, followed by air blowing to remove the tissue dust. 
A pen line was drawn across the centre of the glass slide to prevent the coating 
sticking onto the substrate in this region. The removal of the pen line after the 
deposition run, using acetone or IPA, produced a step from which coating thickness 
measurements were made by surface profilometry. 
The substrate was then Rxed on the substrate holder, which was insulated from the 
dummy magnetron and connected to the radio frequency (RF) power supply. The 
chamber was pumped down to a base pressure lower than 2xI 0-3 Pa (as measured on 
the Penning gauge). High purity argon was then introduced into the chamber to 
increase the pressure to 0.08Pa (Baratron gauge) and the substrate was RF sputter 
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cleaned to provide effective atomic scale cleaning. The RF power was set to 150W for 
15min, which allowed contaminants on the surface of the substrate, such as grease, to 
be sputtered away. 
6.3 Standard Deposition Parameters andAnnealing Procedure 
6.3.1 Standard deposition parameters 
On completion of the in-situ substrate cleaning, the chamber pressure was further 
adjusted with high pure argon to OAPa. At the same time, varying amounts of oxygen, 
depending on the specific run conditions, were also fed into the chamber to 
compensate for its loss during the deposition runs and, therefore, to maintain coating 
stoichiometry. As the main variable in this project was target composition, most of the 
deposition runs were carried out at constant values of substrate to target distance, 
chamber pressure, oxygen flow, target current, frequency and duty. The exception 
being one set of investigations that were particularly aimed at the deposition 
parameters. Table 6.1 shows the typical deposition conditions of a run. 
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Table 6.1 A typical conditions of a deposition run 
Run Power supply 
b Target Time off Run hours num er 
and date 
(Wto/0) Current Voltage Frequency (ts) (h) 
(g) (A) M (KHz) 
5 
09/12/02 
ZnO+AI203 
3% (at) 2 300 350 1.1 lh 
Bias Argon Oxygen Sputtering pressure 
voltage (FRS) (FRS) After Ar 
M Basic 
and 02 
Sputtering mid run 
(mbar) (mbar) (mbar) 
(mbar) 
2.4*10-5 8.5 * 10-' 1.0*10-2 8.5 * 10-' 
87 20 
8.0*10-5 2.30*10 -3 1.6* 10-2 2.30*10'3 
Conditions: RF cleaning and heating: 15OW (23-27) - 12min, the amount of argon is controlled 
to 35FRS, and the pressure is controlled within 2.34*10-3mbar (8.5 *10 4 mbar by baratron 
gauge). 
Problems: 
Next step: 
Notes: 
The distance between substrate and target is 135mm. 
The pressure in the lower line is read from Baratron gauge. The pressure in the higher line is 
read from Penning gauge. 
In the table, FRS is the full range scale of the gas flow controller. The cleaning 
conditions and any problems encountered during the run were also recorded in the 
table. Substrate to target distance and deposition pressure was fixed in most of the 
runs, which were recorded in the notes line in case there was any change. 
The pulsed DC power supply was run in the constant current mode, so the target 
voltage was read from the power supply display, and current was set before the run 
began, see table 6.1. Moreover, the flow rates are 35sccm (ml/min) and I Osccm for the 
argon controller and oxygen controller, respectively, when both of the controllers are 
set up at full scales. 
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6.3.2 Annealing parameters 
To further achieve the lower resistivity of the coating, annealing processes were 
investigated according to the Taguchi Analysis Technique. The annealing parameters 
chosen were atmosphere (mainly the amount of oxygen), temperature and time. Three 
levels were set per variable, see table 6.2. Table 6.3 shows the format of the Taguchi 
Arrays. To achieve the fixed chamber annealing pressure - 50Pa, pure nitrogen was 
backfilled besides partially backfilled oxygen, the amount of which were set 
according the conditions of experimental arrays. 
Table 6.2 The annealing parameters and levels 
Level Time 
(h) 
Temperature 
(-C, :t 10) 
Atmosphere 
(FRS) 
Level 1 1 270 0 
Level 2 2 360 24% 
Level 3 3 470 98% 
Note: temperature in the table indicates the substrate temperature. 
Table 6.3 The Taguchi annealing arrays 
RunNo. Time 
(h) 
Temperature 
(OC, -±: 10) 
Atmosphere 
(FRS=10sccm) 
El L3 L3 Ll 
E2 L3 L2 L2 
E3 L3 Ll L3 
E4 L2 L3 L2 
E5 L2 L2 L3 
E6 L2 Ll Ll 
E7 Ll L3 F- L3 
E8 Ll L2 Ll 
E9 Ll Ll L2 
At least two substrates can be fixed onto the substrate holder in one run. Five runs 
were committed at same deposition parameters and conditions, and therefore ten 
as-deposited samples were obtained. One of the as-deposited samples was kept as 
comparison. The others were then fixed on the substrate holder again for annealing 
treatment according to the Taguchi arrays. The chamber was pumped down to 
102 
WON again. According to the annealing conditions, different gases (nitrogen and 
oxygen) were fed into the chamber for the annealing runs. The substrate to heater 
separation was 30-40mm. There were two thermocouples in the chamber, one fixed 
on the heater, the other one near the surface of the substrate, to monitor the 
temperatures on both heater and substrate. The heater power was also monitored 
during annealing. Again, a typical annealing parameters chart is shown in table 6.4. 
Table 6.4 A typical annealing conditions of annealing runs 
RUN 9 
Annealing: 5mbar<P<Iatm; 
Gas: 24% (FRS) 02 + N2 
T (heater) = 500-5 1 O'C T (sub) = 2560C (from thermocouple) 
300<T<335 (from crayon cream pencil) 
V 135-140V I=2.7-2.9A 
tIh (soaking) 
Result: 
transparency--0.9 (P) 
Resistivity = 4.53 *dV/1=4.53 *5 * 10'5* (1.2-9)* 10-3 /0.0 1* 1 0-6= 27-220 Qcm (centre-edge) 
(The thickness is measured by Dektak3ST) 
Preferred direction: 
Note: 
Pink-grey at 295'C; light purple-grey at 320'C; yellow brown-red brown at 300"C; aqua 
green-did not change the colour (white buff at 360T); dark violet-light violet at 320T and 
did not change colour to white buff (at 460'Q; organ brown-black at 245T and did not change 
the colour to white buff (505T) 
The amount of 02 is 10* 24%*60(min)=144ml during annealing. 
There was a problem during the annealing runs, which was that the heater frequently 
failed. The conclusion from the annealing runs was that the optimum annealing 
parameters were high temperature, certain annealing time and pure nitrogen 
atmosphere, i. e. without extra oxygen atmosphere. However, in order to avoid 
breaking the heater, the annealing was carried out, from the dopant runs, under vacuo 
instead of in nitrogen atmosphere to avoid any chance of re-oxide the wires in the 
heater. Table 6.5 shows a typical annealing parameters of dopant runs. 
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Table 6.5 Atypical annealing conditions of a dopant run 
Dopant annealing run 5 
Annealing: Pbasis=3.4*10 -6 (0 mbar from baratron ); 
T (heater) =6000C Ts= 500-5 1 5*C (from thermocouple) 
V 165V I=3.4 A 
t 2h (soaking) 
Result: 
Transparency 
Resistivity = 4.53*dV/1=4.53*8*10-5* 5.39*10'3 /1000*10-6=1.95*10-3 ýIcm 
(The thickness is Dektak3ST) 
Preferred direction: 
6.4 Dopant Runs for Zinc Oxide Coatings 
Several materials in terms of the positions at which they located in the periodical table 
of the elements were chosen to be dopants in the ZnO coatings. As a comparison with 
aluminium, gallium and indium, which belong to the same group III in the periodical 
table, were doped into zinc oxide coatings by mixing zinc oxide with gallium oxide, 
or indiurn oxide, respectively. Also, tin oxide and antimony oxide were used to 
compare with indiurn oxide because they are located in the same period in the 
periodical table. Three doping levels were set, i. e. I at%, 3at% and 5at% of the metal 
element. Therefore, fifteen deposition runs were carried out under the deposition 
parameters, which were described in section 6.3. It should be noted that the deposition 
conditions were kept the same during all the fifteen runs. 
Fifteen deposited samples, which were selected one from each run, were annealed 
under the same conditions. Therefore, the annealed coatings could be used to prove 
the influence of different dopants and their concentration on the properties of the films. 
As detailed before, the as-deposited samples were fixed on the substrate holder at a 
distance of 30-40mm from the heater. The chamber was then pumped to the pressure 
lower to 2xI ON. The annealing was carried out in vacuo and the heater temperature 
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was set to a maximum of 600*C to avoid breaking the heater. The soaking time lasted 
for two hours, which was the optimum annealing parameter shown from annealing 
runs. All the parameters of the dopant annealing process can be referred from table 
6.5. 
6.5 General Factorial Design for Parameter Runs of Zinc Oxide 
Coatings 
The aim of the parameter runs was to find out the influence of the deposition 
parameters on the coatings, specifically for the configuration of this Powder rig. First, 
voltage wavefornis at the powder target were used to monitor different settings of 
pulse frequency and duty. The Al-doped zinc oxide coatings were prepared at various 
frequencies and duties to investigate the effect of these variables on the properties of 
the coatings. TDK P5 100 voltage probes were attached to the substrate and target and 
the voltage wavefornis were monitored and recorded using a Tektronix TDS 3014 
digital phosphor oscilloscope. This set of experiments was carried out according to 
the 3-level factorial design arrays with two replicates. Table 6.6 shows the array 
design. In the analyses of the results, the overshoot voltages on the powder target and 
the coatings thickness, which were identifled as being the most significant effects of 
the pulsed parameters on the characteristic of the coatings. These responses were then 
analysed in more detail. 
It was mentioned in chapter 2 that substrate self-bias potential and saturation ion 
current are two basic important physics terms of a plasma used in a deposition system. 
Concurrent bombardment of the growing film by a high flux of low energy ions is 
known to be beneficial in the production of dense coatings. In situations where no 
external bias supply is used, the substrate self-bias potential establishes the energy of 
the ions, and the saturation ion current drawn at the substrate is an indication of the ion 
flux. Consequently, the next part of the experiments in this project was designed for 
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the measurement and comparison of them under both closed field and single 
magnetron configurations. 
Table 6.6 Two factors General factorial design arrays on the parameter runs 
Std Run Block 
Factor I 
Frequency 
kHz 
Factor 2 
Duty 
% 
Response 
Thickness 
(nm) 
3 1 Block 1 275 50 
17 2 Block 1 350 75 
15 3 Block 1 275 75 
it 4 Block 1 350 62 
5 5 Block 1 350 50 
9 6 Block 1 275 62 
7 7 Block 1 200 62 
13 8 Block 1 200 75 
1 9 Block 1 200 50 
18 10 Block 2 350 ý5 
6 11 Block 2 350 50 
8 12 Biock 2 200 62 
10 13 Block 2 275 62 
14 14 Block 2 200 75 
16 15 Block 2 270 75 
12 16 Block 2 350 62 
2 17 Block 2 200 50 
4 18 Block 2 275 50 
The substrate self-bias potential is referred to as the probe or substrate voltage 
measured at the point of zero net current in the IN characteristics curve, i. e., the point 
at which equal fluxes of ions and electrons arrive at the probe or substrate. In this 
project, the substrate self-bias potential was measured at the MDX DC bias supply 
with the magnetron operating and no bias voltage applied (i. e., the bias supply was 
acting as voltmeter). Measurements were made over a range of target currents and 
substrate-to-target separations in the (normal' operating configuration, i. e., with the 
dummy magnetron installed to form the closed magnetic field, and the single 
magnetron configuration, with the dummy magnetron removed. Three levels of target 
current (1,1.5 and 2A), and substrate-to-target separation (10,15 and 40cm) were 
selected. 
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The saturation ion current can be determined by biasing the substrate because the 
probe theory assumes that all the electrons approaching the substrate will be repelled 
and the constant ion current can be measured if the negative bias is sufficiently large, 
over -100V in magnetron sputtering [13]. The measurements of the substrate current 
were actually carried out following the measurements of substrate self-bias potential 
at the same levels of variables and configurations. In each configuration and each 
substrate-to-target separation, the substrate bias voltage, supplied by the Advanced 
Energy MDX unit, was increased form -I Ov to -200V in steps. At each step, the total 
current drawn at the substrate was recorded from the MDX. 
In this part of work, stainless steel (304) powder was used in these measurements, 
instead of the poorly conducting zinc oxide powder, to allow operation in DC mode. 
This was chosen to make the ion current measurements straightforward. In the 
experiments, the Advanced Energy Pinnacle Plus was connected to the target with the 
pulse frequency set to zero. The Advanced Energy MDX DC driver was connected to 
the substrate to supply the bias voltage and read the subsequent ion currents. 
In order to show the effect of magnetron configuration and power supply on the 
structure and properties of the coatings, zinc oxide and alumina mixture was used 
again as the targets to deposit the Al-doped zinc oxide coatings. The first three runs 
were operated under UBM configuration by pulsed DC power supply with 3 different 
substrate-to-target separations. Then another two runs were operated under UBM and 
CFUBM configuration, respectively, by DC power supply. The results will be given in 
the next chapter. 
6.6 ITO Coating Runs 
The ITO coating runs were perfonned under the standard deposition conditions of 
pulse frequency, duty, current, and the argon flow rate. Only the oxygen flow rate was 
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chosen to be a variable. The powder targets were formed by mixing blends of indium 
oxide and tin oxide with tin contents of 5at% and 10at%. These compositions are 
commonly used for solid targets in commercial coatings. The blends of ITO were 
mixed in the same way as the zinc oxide and aluminium oxide powders. 
In the runs, tin content in the targets or the coatings and the oxygen flow rate were the 
two variables, with 2 and 3 levels, respectively. Again, traditional one variable 
methods were used in this piece of work, which means six experiments were carried 
out. The resulting properties of the ITO coatings will be detailed in chapter 8 and the 
discussion will be given in chapter 9. 
6.7 Multi-component Coating Runs 
The multi-component coatings were also produced using the standard deposition 
parameters, and the oxygen flow was again chosen as a two-level variable. 
The blends were mixed from ITO (5atO/o Sn) and ZAO (3at% Al) powder mixtures 
(these components were chosen on the basis of results from the previous sets of 
experiments). It has to be emphasized that the two kinds of the mixtures have 
significantly different characteristics. ITO powder was very loose, whereas the ZAO 
powder tended to be clumped together, making it very difficult to mix them uniformly. 
To solve this problem, ZAO powder was baked in an oven above I OOOC over night, 
and rolled by a ramp carefully before being poured into the ITO powder. Then a bottle 
with the mixture was put on a rotary drum for several hours, as before. This was not a 
perfect method to mix these two kinds of powders. Therefore, care was needed when 
the targets were formed, to ensure that the powder was carefully tamped to avoid 
non-uniformities as far as possible. 
The coating blends were set at 4 levels, which were calculated by indium and zinc 
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atomic ratios. The four blends compositions were zinc oxide, aluminiurn oxide, 
indiurn oxide and tin oxide with the atom ratio of zinc: indiurn being 1: 4; 2: 3; 3: 2 and 
4: 1, respectively. Therefore, four levels of the coatings or targets compositions at 2 
levels of the oxygen flow amounted to 8 runs to complete this stage of the work, 
according to the traditional one variable method. Again, the results and discussion 
will be detailed in chapter 8 and 9. 
6.8 Summary 
In this project, the following parameters were varied or measured, as required. The 
variable parameters were not same in each set of design arrays. In total, they are: 
" RF bias power, 
" Time of RF sputter cleaning 
" Coating annealing temperature, 
" Coating annealing atmosphere - mainly the amount of oxygen, 
" Coating annealing time, 
" Dopant elements and their concentrations, 
" Deposition atmosphere - oxygen content, 
" Pulse frequency, 
" Pulse duty, 
" Magnetron configuration, 
" Sputtering power - pulsed DC or DC 
0 Substrate-to-target separation, 
The analysis of the coatings involved the following responses: 
0 Resistivity of the coatings, 
0 Transmittance of the coatings, 
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" Structure of the coatings, 
" Orientation or texture of the coatings 
" Lattice strain, 
" Adhesion of the coatings to substrates, 
" Deposition rate, 
" Saturation ion current and IN characteristics of the rig, 
After all the investigations, the information provided from the experimental results 
or responses would help to understand the unique configuration of the powder rig - 
the CFUBMS and pulsed DC power. Also, the relationship of the properties of the 
coatings and deposition, annealing parameters would be understood. 
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7. RESULTS 1: CHARACTERISTICS OF THE POWDER 
RIG 
As described in chapter 4, the powder rig was especially set up for the use of powder 
targets. The 'sputter-up' unbalanced magnetron used strong rare earth magnets to give 
a high field strength (2.2kG) at the target, and a dummy magnetron was used in the 
chamber roof to produce a closed magnetic field. Combined with the pulsed power 
supply, dense columnar, defect-free TCO coatings were prepared in this rig from 
powder targets. To understand the advantages of the powder rig, the effect of the 
configuration of the magnetron and the power supply has been investigated. The 
results are presented in this chapter. 
7.1 The Characteristics of the Plasma in the Powder Rig 
The substrate self-bias potential, Vsb3 varied from -1 3V to -23V, appeared to depend 
on all the variables tested, except the target current (figure 7.2). The influence of the 
target-to-substrate separation and the magnetron configuration on the substrate 
self-bias potential is shown in figure 7.1. It can be seen that the target-to-substrate 
separation has a stronger influence on the substrate self-bias potential in the single 
drawn further away from the target in the closed-field magnetron configuration than 
the unbalanced one. In fact, the current on the substrate was too weak to be read no 
matter how high the bias voltage applied at the target-to-substrate separation of 40cm 
in the single magnetron configuration. Therefore, it can be assumed to be zero. 
Moreover, the self-bias potentials at the separation of 10cm are the same both in the 
double and single magnetron configuration conditions, this implies that the strength of 
the unbalanced magnetron dominates the ion flux arriving onto the substrate when the 
substrate is close to the target. This result confirms, as discussed in chapter 2, that the 
closed-field unbalanced magnetron configuration helps to prevent the losses of 
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electrons from the plasma and confines the electrons along the magnetic flux lines 
towards the substrate, therefore drawing the ions from the target and forming a dense 
uniforn plasma further away from the target than in the single unbalanced magnetron 
configuration. 
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Figure 7.1 The effect of target-to-substrate separation on substrate self-bias potential under 
double and single magnetron configuration conditions 
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Figure 7.2 The substrate IN characteristics under various conditions 
The relationships between the substrate bias voltage and the current drawn at the 
substrate were investigated over the range of target currents and target-to- substrate 
separations mentioned earlier, and under both double and single magnetron 
configurations. Figure 7.2 shows the effect of the target current and the 
target-to-substrate separation on the substrate IN characteristics under different test 
conditions. All of the four IN curves give the same trends: 1) from figures 7.2a and b, 
the substrate ion current is dependant on the target current - increasing with 
increasing target current. Also, the substrate current changes as the magnetron 
configuration and the substrate-to-target separation change, see figures 7.2c and d. 
The substrate ion current is highest in the double magnetron configuration at the 
shortest separation. This fact can be true because the target current affects on the ion 
current flux only, whilst the substrate-to-target separation and magnetron 
configuration influences the ion energy arrived on the substrate - the self-bias 
potential. 2) The ion saturation current increases with increasing target current and 
decreases with increasing substrate-to-target separation. There is an exception that the 
ion saturation currents are the same when the separations are I Ocm and 15cm in the 
double magnetron condition. Therefore, it can be said that the plasma is more uniform 
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further away from the target in the double magnetron condition than in the single one. 
Again, at each target current, the substrate ion saturation current is highest in the 
double magnetron configuration at the shortest substrate-to-target separation. 
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Figure 7.3 the effect of magnetron configuration on the substrate IN curve 
The influence of the magnetron configuration on the substrate IN curve can be 
inferred from figure 7.3. As can be seen, the saturation current is a factor of at least 
two higher in the double magnetron configuration than in the single magnetron 
configuration at the same target-to -substrate separation, i. e., the installation of the 
dummy magnetron has more than doubled the effective ion current drawn at the 
substrate. 
The effect of the target-to-substrate separation on the substrate IN curve is shown in 
figure 7.4. Again, the closer the substrate to the target is, the higher current drawn at 
the substrate will be under same conditions. 
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Figure 7.4 the effect of target-to-substrate separation on the substrate IN curve 
The relationship between the target current and the substrate saturation ion current is 
shown in figure 7.5. It can be seen that the saturation current is proportional to the 
target current in both double and single magnetron configurations. An empirical 
formula has been derived to describe this relationship [ 139]: 
Eq. (7.1) 
in which 1, represents the substrate ion current, 11, the target current and n, the constant 
coefficient, which varies with the pressure, the target-to substrate separation and 
target material. It can also be seen in figure 7.5, that more ions were drawn to the 
substrate in the double magnetron condition than those in the single one. Therefore, 
the constant coefficient n also depends on the magnetron configuration. 
The gradients of the data lines in 7.5 are 1.5 and 0.8, for double and single, 
respectively, confirming that the 
dummy magnetron doubles the current drawn under 
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Figure 7.5 the effect of target current on substrate ion current under different magnetron 
configuration 
7.2 The Effect of Pulse Parameters on the Thickness of the Coatings 
The investigation was carried out in the current regulation mode of Pulsed DC, and 
the target current was set at 2A. The variables in this work were pulse frequency and 
duty, with the response being of thickness. The parameter arrays and the responses are 
shown in table 7.1. The response was, in turn, analyzed by using the DX 6.0 design 
expert software, and the results can be seen in figure 7.6. It can be seen clearly that the 
thicknesses of the coatings increase with the increases of pulse duty and decreases of 
the pulse frequency. 
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Table 7.1 The parameter arrays and the results of the response 
Std Ru 
n 
Block 
Factor I 
Frequency 
KHz 
Factor 2 Duty 
% 
Response 
Thickness (nm) 
3 1 Block 1 275 50 400 
1-7 2 61fockl 350 75 837 
15 3 E Flock 1 275 75 936 
_ 11 4 Block 1 350 62 503 
5 5 §lock 1 350 50 280 
9 6 Block 1 275 62 690 
7 7 -9-1-ock] 200 62 962 
13 8 Block 1 200 75 1200 
1 9 ffl-ock 1 200 50 613 
DESIGN-EXPERT Plot thickness 
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Figure 7.6 the effect of pulsed frequency and duty on the film thickness 
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(a) 350kHz frequency+50%duty (b) 200kHz frequency+75 %duty 
Pictures 7.1 a and b: the effect of pulsed parameters on structure and deposition rate of the 
ZnO: Al coatings (2A target current for I h) 
From picture 7.1, the difference in the coating thickness can obviously be seen. The 
design analysis results shown in figure 7.6 also give a clear trend -the thickness of the 
coating will increase with duty and decrease with pulse frequency. Deposition rate 
would be expected to increase with duty, as this represents the length of the pulse on 
time, see figure 7.7, in which the target voltage waveforms were obtained with an 
oscilloscope. However, the relationship is not straightforward due to the strongly 
varying target voltage during the pulse on period. The effect of frequency is not 
immediately clear, but looking at target voltage waveforms, it appears, that at high 
frequency, the area under the pulse on voltage curve decreases (figure 7.8). Possibly 
the 'ringing' (very high frequency oscillations) in the waveform leads to losses of 
energy delivered to the target. Also, it takes a certain amount of time (- half a 
microsecond) for the sheath at the target to develop when the target potential reverses, 
which can be seen in figure 7.9. No sputtering can take place during this time. Thus, 
as frequency increases, this 'dead time' becomes an increasing proportion of the total 
on cycle. 
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Figure 7.8 the target voltage waveforms with different frequencies 
When considering the data, it is clear that the deposition rate increases with duty and 
decreases with frequency. However, it is possible to explore this ftirther. The 
reciprocal of frequency is the length of time of each cycle. Multiplying this value by 
the duty factor gives the proportion of each full cycle that sputtering can take place, 
named as 'pulse on' factor. This 'pulse on' factor increases with duty and decreases 
with frequency. Not surprisingly, a strong correlation exists between this 'pulse on' 
factor and deposition rate, as shown below in figure 7.9. The data crosses the x-axis at 
120 
about 0.4 -0.5 ýts. This represents the 'dead time' at the beginning of each pulse-on 
period when the sheath is re-established and no sputtering of the target takes place. 
This period becomes a more significant proportion of the pulse-on period at higher 
frequencies and lower duties. 
Pulse on factor = duty factor x1 /frequency 
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The scatter in the data arisesfrom errors in the measurement ofdeposition rate, non-constant 
target voltage during pulse on and resputtering effects at the substrate. 
Figure 7.9 The relationship between pulse on factor and deposition rate 
In general, the study of pulsed parameters helps to understand more about how they 
affect the growth of the coatings. This information can be used to develop deposition 
processes to prepare coatings with specific properties and deposition rates. 
7.3 Comparison of the Magnetron Configurations and Power Modes 
In order to investigate how the system performed under different magnetron 
configurations and different power delivery modes, five sets of operating conditions 
were tested (see table 7.2). The same target material was used in each case 
(ZnO: 3at%Al). The first four runs were carried out in the single magnetron 
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configuration, i. e., with the dummy magnetron removed. For runs I to 3, the coatings 
were deposited at target-to-substrate separations of 15,10 and 20 cm, respectively, in 
pulsed DC mode at 35OkHz pulse frequency, 62% duty and at a target current of 2A. 
The fourth run was carried out at the same conditions as run 1, but with the pulse 
frequency set to zero, i. e., in DC mode. The samples from these four runs were 
annealed in vacuum (0.003Pa) at 4500C for 1 hour to achieve low resistivities. To 
further compare the effect of magnetron configurations, run 5 was carried out in DC 
mode in the double magnetron configuration. The run time in run 5 was reduced to 1 
hour due to target arcing. 
Table 7.2: Magnetron configurations and power parameters for comparison experiments 
Run Separation dt, Magnetron Power modes Run time 
number cm configuration H 
1 15 Single Pulsed 2 
35OkHz, 62%, 2A, 
2 10 Single Pulsed 2 
35OkHz, 62%, 2A, 
3 20 Single Pulsed 2 
350kHz, 62%, 2A, 
4 15 Single DC, 2A 2 
5 15 
F 
Double DC, 2A I 
7.3.1 The effects of target-to-substrate separation on the structure andproperties of 
coatings 
The first three runs were carried out at various target-to-substrate separations. Despite 
the fact that this resulted in large differences in coating thickness, the structures and 
properties of the as-deposited coatings (crystallinity, morphology and transmittance) 
are similar. The resistivities ofthe as-deposited films were too high to be measured by 
four-point probe. After the annealing treatment, the resistivities reduced to the order 
of 10-3 92cm. The relationship between the target-to-substrate separation and the 
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resistivity of the coatings is shown in figure 7.10. The average transmittance in the 
visible range of these three samples is around 90% (see figure 7.15 in section 7.3.2). 
Picture 7.2 shows the SEM morphology of the films, which all have similar dense 
columnar structure, but big differences in the thickness; the relationship between the 
thickness of the films and the target-to -substrate separation is shown in figure 7.11. 
-4111-runs were carried out with single magnetron 
configuration by pulsed DC(35OkHz, 62%, 2A and 2h) 
annealing in vacuo at 450C for th 
8 
0 
7 
0 
6 
.-4 
0 
3 
10 12 14 16 18 20 
target-to-substrate separation, cm 
cm 
lp 
21 
(a) target-to-substrate separation I Ocm 
(run 2) 
I 
(b) target-to-substrate separation 20cm 
(run 3) 
Picture 7.2: SEM micrographs showing the morphological structure of the coatings 
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Figure 7.11 the effect of target-to-substrate separation on the thickness of the films 
The XRD analysis of film crystallinity can be seen in figures 7.12 and 7.13. After 
annealing, the position of the diffraction peaks moved closer to the standard positions 
for this material (compared with the data in JCPDS cards). This phenomenon is due to 
strains within the crystals of the films being released as a result of the annealing 
treatment. The charge carriers (electrons) in the semi-conductive films become freer 
to move, which in turn decreases the resistivity. There are two possible reasons for the 
reduction in the resistivity of the films at higher target-to-substrate separation. As 
discussed in section 7.1, the substrate self-bias potential is affected by the 
target-to-substrate separation. The further away the substrate is from the target, the 
lower the substrate self-bias potential becomes, which has the effect of reducing the 
energy of the ions incident at the substrate. Moreover, the thickness of the film 
decreased with the higher target-to-substrate separation, which may cause more 
thorough release of the lattice strain in the thinner film at the same annealing 
condition. Table 7.3 shows the relationship between the target-to-substrate separation 
and the difference of the crystalline spacings compared with the standard lattice 
spacings, after the films were annealed. It can be seen that the crystalline traces 
shifted closer to the standard positions at higher target-to-substrate separations. There 
are two main diffraction peaks in run 2, which means the lattice strains would be 
higher although the traces are closer to the standard diffraction peak than those in the 
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other runs. That may be the reason that the traces shifted less after annealing 
compared to the other runs. 
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Figure 7.12 the main XRD crystalline traces of the coating before and after annealing 
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Figure 7.13 the effect of target-to-substrate separation on XRD traces 
(100) 
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Table 7.3 the effect of target-to-substrate on the positions of the crystalline traces 
Run Target-to-substrate Lattice spacing Lattice spacing The difference of 
number separation, cm (100)offilms (100) of films after spacings between 
before annealing annealing standard and 
annealed films 
2 10 2.83368 2.83588 0.01768 
1 15 2.8594 2.82961 0.01361 
3 20 2.85579 2.82786 0.01186 
Note: the (100) standard crystal lattice spacing ofzinc oxide do=2.816 [147] 
7.3.2 The effects of magnetron configurations andpower supplies on the structure 
andproperfies of coatings 
In order to determine the effects of power supply mode on the structure and properties 
of the coatings, runs 4 and 5 were carried out by DC sputtering at a target-to-substrate 
separation of 15cm (i. e. the same separation as run 1). Furthermore, the coating from 
run 4 was deposited in the single magnetron configuration, whilst the coating from 
run 5 was deposited in the double magnetron configuration. The deposition time for 
run 5 was only I hour due to target arcing. Therefore, it has to be assumed that the 
measured thickness of the coating was half of what it would have been if the run had 
continued for the full 2 hours. 
Compared to run 1, the structures of coatings from run 4 and run 5 are significantly 
different. There are four SEM rnicrographs shown in pictures 7.3 a to d of the 
morphology of coatings (sample a from the early work when the deposition conditions 
were determined, and b to d from these 5 runs) deposited in the different magnetron 
configurations and power supply modes. It can be seen that the structure ofthe coating 
deposited by pulsed DC within a closed magnetic field (double magnetron 
configuration, picture 7.3a) visually appears the densest, whilst that of the coating 
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deposited by DC in the single magnetron mode (picture 7.3d) is the most porous. The 
SEM micrograph of the surface topography of the coating from run 4 (picture 7.4b) 
shows pores, of holes running through the full thickness of the coating. The other two 
coatings deposited by pulsed DC within unbalanced magnetic field and by DC within 
closed magnetic field revealed intermediate densities. 
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Picture 7.3 SEM micrographs showing the fracture sections of the coatings deposited by 
different power supplies and within different magnetic fields 
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Picture 7.4 SEM micrographs showing the surface topography of the coatings deposited by 
different power supplies and within different magnetic fields 
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Figure 7.14 the XRD crystalline traces of the coatings from run 4 and run 5 
Figure 7.14 shows the crystalline structures of the coatings from run 4 and run 5. both 
of which were deposited by DC sputtering. Compared to the traces of the coatings 
deposited by pulsed DC (figures 7.12 and 7.13), the crystalline patterns were 
noticeably different. Only the (002) peak appeared in the coatings deposited by DC 
instead of the (100) and (002) peaks, in the case of the pulsed DC coatings. More 
importantly, the crystal lattice spacings of the DC coatings are much closer to the 
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(b) unbalanced magnetic I-Icid - DC (2h) 
standard one, even before the annealing treatment. Presumably, therefore, the strains 
within these coatings are lower than the previous ones, giving lower resistivities (of 
the order of 2.31 x 10-3Qcm for the annealed coating from run 4, and 2.04 x1 020cm, 
and 8.24 x 10-30cm for the as-deposited coatings from run 4 and 5, respectively. The 
reflection peaks of the as-deposited coatings by pulsed DC (run I to 3, see the notes in 
figures7.12 and 7.13) were further away from the standard positions than those of the 
as-deposited coatings by DC power supply (run 4 and 5, see the notes in figure 7.18). 
After the annealing treatment, though, the differences of the lattice spacings between 
those annealed films and the standard spacing reduced, see table 7.2. Therefore, the 
resistivities of all the annealed coatings were in the order of 5-1.8 x 10-3f2cm, despite 
the fact that they varied from being too high to be measured by four-point probe to 
8.24 x 10'3f2cm (run 5), depending on the as-deposited conditions, refer to the 
annealing results in section 8.2. 
The refractive index of the coatings deposited under different magnetron 
configurations and by different power modes show an obvious difference, see figure 
7.15. The refractive index of the coating in run 4 is much lower than those of the 
coatings in run I and 5, in which the n value of run I is slightly higher than that in run 
5. For example, the n value of the coating in run 4 is only 1.1435 at 550nm compared 
to 1.94-1.96 in run 1 and 5. As we know, high refractive indices in coatings are 
associated with dense structures. Therefore, it can be said that the dense coatings have 
been produced by the pulsed DC power supply or in the closed-field magnetron 
configuration from powder targets, whilst porous coatings were produced when 
operating in DC mode with a single unbalanced magnetron (run 4). 
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Figure 7.15 the refractive index of the coatings deposited by different power modes within 
different magnetic fields 
J. Bradley and P Kelly etc. from UMIST and Salford University have studied the 
behaviour of pulsed plasmas for several years [ 148-15 1 ], which showed that the ions 
energies can be divided into three levels -- the high energy level produced during the 
very short positive voltage overshoot time, the middle energy level within the 
steady-state pulse-off time and low energy level within the pulse-on time. According 
to the studies in UMIST [148-151], the overshoot ion energies make a major 
contribution to the total ion energy flux when the frequency equal to 350kHz, 
although the overshoot time is too short to influence the average plasma ion energy 
when frequency is lower, for example, lOOkHz. Therefore, the higher energies that 
can be delivered to the growing film when operating in pulsed DC mode at high 
frequency, such as 350kHz, may well be responsible for the dense coatings observed 
in this study. 
In general, the coatings deposited by pulsed DC within a closed magnetic field have 
dense columnar structures and high transmittance. Also, they show high strain within 
the crystals of the coatings before the annealing treatment. Annealing treatments can 
help to release the strain, therefore decreasing the resistivity of the coatings. The 
coatings deposited by DC sputtering with both single and double magnetron 
-single mag + pulsed DC, run 1 
-double mag + DC, run 5 
-single mag + DC, run 4 
350 700 750 
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configurations have very low lattice strains, and the resistivity of these coatings, even 
before annealing treatment, are quite low. On the other hand, the transmittance of the 
coating deposited by DC power within unbalanced magnetic field is too low to be a 
transparent conductive coating, and this combination can only produce coatings with 
porous structures. These porous films are also likely to be mechanically weak and 
unsuitable for many applications. 
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8. RESULTS 2: THE STRUCTURES AND PROPERTIES 
OF TCO COATINGS 
8.1 As-deposited Zinc Oxide DopedAluminium (ZA 0) Coatings 
The initial experiments were carried out using ZnO: Al targets, which were formed by 
blending zinc oxide powder and alumina powder (both 99.99% pure) at the weight 
ratio of 96: 4. Therefore, the aluminium. metal content of the targets was about 
2.08wt%. Also, some of the optical results were obtained from the ZnO target with 
3at% Al. The targets were sputtered in Pulsed DC mode at a frequency of 350 kHz 
62% duty and 2A current mode. These conditions were chosen because they were 
found to provide a readily ignitable, stable plasma. Target currents in excess of 2A 
resulted in the target material glowing red hot. Deposition times were varied from 1-4 
hours depending on the thickness required by particular analysis techniques. 
8.1.1 Composition and structures of as-deposited Zn O., -Al coatings 
An electron probe n-&ro-analyser (EPMA) was used to analyse the compositions of 
the ZAO coatings. The coatings were deposited for 4 hours because the technique 
requires the coating thickness to be of the order of 2ýLrn. The results are shown in table 
8.1. 
Table 8.1 Composition of ZAO coatings (EPMA) 
Composition, wtO/o Zn Al 0 
74.91 2.41 22.68 
Coatings 74.89 2.16 22.95 
75.50 2.16 22.34 
Targets Weight ratio: Zinc oxide: aluminum oxide = 96: 4 
Or 2.08wtl/o Al metal element in the targets 
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It can be seen that the compositions of the coatings relatively correspond to those of 
the targets, and that this is reproducible over several runs. Therefore, the zinc oxide 
and alumina mixed powder targets can be compared with solid targets made from the 
same material. 
The typical morphological structure of the ZAO coatings is shown in picture 8.1, 
which was obtained by scanning electron microscopy (SEM) of a gold-coated fracture 
section of the coating. The micrograph shows a dense columnar and defect-free 
structure, which is desirable for most PVD coatings. 
Picture 8.1 SEM micrograph showing typical structure of the as-deposited ZAO coatings 
The X-ray diffraction (XRD) technique was used to analyze the preferred orientations 
of the ZnO: Al coatings both as-deposited under argon and oxygen atmosphere and 
argon only atmosphere, other deposition conditions, such as pulsed parameters etc., 
were the same. Strong (002) and (100) zinc oxide diffraction peaks could be observed, 
although there were also some other smaller peaks, such as the (I 10) peak. The 
diffiraction peaks were normally broad and shifted away from the standard default 
positions for ZnO, as shown in the powder diffraction JCPDS cards. The XRD results 
can be seen in figure 8.1, in which the diffraction peaks shown are mainly the (002), 
(100) and the low intensity (I 10) peak. 
133 
1400 
(100) -as-deposited ZAO coating in 1200 Argon and oxygen d=2.87610 
=i 1000 
as-deposited ZAO coating in 
fd argon and oxygen 
2ý 800 as-deposited ZAO coating in 1 
Z L 
Argon only I C 600 - 2 
S (002) 
. 400 - d=2.6823 
200 
d 2.870 d=1.694 
0 
2 0 30 40 50 6 0 
2theta, degree 
Note: ZnO standard lattice spacings ofthe diffraction peaks are d(100)=2.815, d(002)=2.602, 
d(110)=1.626 
Figure 8.1 Preferred orientations of as-deposited ZAO coatings 
8.1.2 Initial optical properties of as-deposited ZnO. Al coatings 
The optical properties of the as-deposited ZAO coatings were determined and 
analyzed using the Aquilla nkd8000 spectrophotometer. Typical transmittance and 
reflectance spectra of the coatings are shown in figure 8.2. The refractive index (n) 
and absorption coefficient (k) were derived from modelling these spectra and are 
shown in comparison with those of standard ZnO bulk material in figures 8.3a and 
8.3b. The negative part of the absorption coefficient in figure 8.3 (a) was due to the 
spectrophotometer used; it indicates that the k value can be considered were very low 
in that region. The average transmittance of the coating within the visible wavelength 
range is about 90%. The coating deposited in an argon only atmosphere showed a 
lower cut-off wavelength. The refractive index of the coating is only slightly lower 
than that of the bulk zinc oxide, which implies that the coating is reasonably dense. 
Also, the absorption coefficient of the coating is low enough to let the visible light 
transmit through without significant absorption occurring. 
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Figure 8.2 Typical transmittance and reflectance of as-deposited ZAO coatings against the 
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Figure 8.3 Typical a) k and b) n of the ZAO coatings compared with those of bulk ZnO 
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8.1.3 The electrical properties of as-deposited ZnO., -Al coatings 
Although most of the as-deposited ZAO coatings were highly insulating, there were 
three coating runs, operated under argon only atmosphere, where the resistivities of 
the as-deposited coatings were of the order of 10-2ncm, which may be caused by 
oxygen deficiency. Also, the coatings from runs 4 and 5, as described in Chapter 7, 
were also exceptions to this behaviour. The resistivities of most as-deposited coatings 
were too high to be measured by the four-point probe, which implies that their 
resistivities exceeded 20MK2 (the maximum estimated value that can be measured by 
this technique). Therefore, the post-deposition treatment is essential to achieve low 
resistivities in the ZAO coatings, which will make them effective as transparent 
conductive oxide coatings for practical uses. 
8.1.4 Coating-lo-substrate adhesion of the as-depositedZnO., -Al coatings 
A Teer Coatings Ltd. 3 001 scratch tester was used to measure the coating-to-substrate 
adhesion of the as-deposited ZAO coatings. The 2001im diameter diamond stylus was 
employed whilst the measurements were taken both under progressively increasing 
loads to find out the failure points, and under single constant loads to confirm the 
failure points. The failure loads were in excess of 12N, which are acceptable. It might 
be due to the fact that the initial loads were higher under the constant loads that the 
failure points were lower than those under progressively continuous loads. The details 
of the adhesion measurement can be referred from Appendix I. Pictures 8.2a and b 
show the typical failure styles. 
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Picture 8.2 Typical failure styles of the adhesion testing 
8.2 Annealed Zinc Oxide Doped Aluminium (ZA 0) Coatings 
As mentioned above, the as-deposited ZnO: Al coatings were generally highly 
insulating. To permit these coatings to act as transparent conductive oxides, therefore, 
it is essential to post treat the coatings to achieve lower resistivities. 
Post deposition annealing under the controlled annealing temperature, time and 
atmosphere was considered to be a way to solve the conductivity problem of the 
coatings. 
As a trial, two coated samples were annealed in a normal furnace at 400'C and 500*C 
for I hour in air. Both annealed coatings remained highly insulating, which indicates 
that the resistivities of the zinc oxide coatings are sensitive to the annealing 
atmosphere, i. e. oxygen concentration. Therefore, a systematic experimental array 
(see chapter 6.3) was designed with the variables of annealing temperature, time and 
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atmosphere. The results are detailed in the following sections. 
8.21 Structures of annealedZnO. Al coatings 
SEM examination revealed that the annealing process had no discernible effect on the 
structures of the ZnO: AI coatings, see picture 8.3. It was also found to have no effect 
on coating-to-substrate adhesion, with the critical load at failure remaining above 
12N. 
:A" 01 
Picture 8.3 SEM micrograph of the fracture section of an annealed ZnO: Al coating 
However, annealing was found to have a significant influence on the crystallinity of 
the coatings, with the XRD diffraction spectra generally showing a strong peak, 
corresponding to the (002) ZnO reflection. In comparison to the as-deposited coatings, 
the intensities of the (002) peaks of the annealed coatings tended to increase and were 
shifted closer to the standard ZnO position. The longer the annealing time was, the 
closer the peaks shifted to the standard ZnO position. In some cases, the diff-raction 
traces changed from as-deposited (110) and (100) peaks to annealed (002) peak, 
which was the close-packed orientation of ZnO material. By way of example, figure 
8.4 compares the 0-20 traces of two as-deposited coatings with a coating annealed for 
I hour at 4700C in vacuo and another one annealed for 2 hours at 470'C in nitrogen. It 
has to be stated that the changes of preferred orientations of the coatings were not 
always the cases. In the matter of fact, some of them did retain their (100) diff-raction 
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peak after annealing, see figure 8.4. The reason was not clear, but it was impossible to 
anneal the samples at higher temperatures due to the limitation of the glass substrate. 
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Figure 8.4 XRD diffraction spectra for the as-deposited and annealed ZnO: AI coatings 
The effect of annealing variables, i. e. time, temperature and atmosphere, on the 
crystallinity of the coatings is shown in figures 8.5a, 8.5b and 8.5c. High annealing 
temperature, long annealing time and pure nitrogen or vacuo in the annealing 
atmosphere leads to peak shifts towards the reflection peak positions of standard zinc 
oxide powder, taken from JCPDS cards. For example, the d spacing of the (002) peak 
changes from 2.682 before annealing to 2.621 after annealing, compared with 2.602 
showed by JCPDS cards. Finally, there were two runs where the crystalline peaks 
were different from the other coatings. Not only the (002) peak appeared, but also the 
(100) and (101) peaks could be seen, although the (002) peak remained the most 
significant. The reason for this is not known at this time. 
139 
7000 
6000 
5000 
d=2-63028 
-, 2 4000 - d=2.63703 
3000 
2000 
1000 
0 
2 0 25 30 
(002) 
-annealing 2h at 260*C 
annealing 2h at 260*C and 1h at 
360*C 
annealing 2h at 260*C an 2h at 
360C' 
annealing conditions 
T=600*C; N2+02 
(2.4sccm*60min) 
35 40 45 50 55 60 
Meta, degree 
8.5a Annealing time 
800 ---- 
(002) 
700 d=2.61 532 
600 d=2 2914 
d= 26 82 3 
500 
400 
300 
200 
100 - 
0 
20 
-before annealing 
annealing at 270*C 
annealing at 360'C 
-annealing at 450'C 
annealing conclitionsý 
t=2h-I N2 
30 40 
2_T h eta, d eg ree 
8.5b Annealing temperature 
50 60 
140 
300 
In 4- 
250 
200 
cc 150 
OA 
100 
50 
0 T- 
20 
(103) 
(i 
30 
-N2 
- N2+02(2.4sccm*60min) 
- N2+02(9. Bsccm*60min) 
40 50 60 
Meta, degree 
8.5c Annealing atmosphere (@3600C 2h) 
70 
Figure 8.5 XRD diffraction spectra for the coatings annealed in different conditions 
8.2.2 Optical properties of annealed ZnO., -Al coatings 
The average transmittance of the coatings is about 90% in the visible spectrum, and it 
remained constant after annealing. It is considered that the cut-off wavelength, ? ', or 
band gap energy, Eg, can be derived from the cross point of tangent of the transparent 
curve with the wavelength or band gap energy axis, see the red lines in figure 8.6. All 
the annealing variables affected the cut-off wavelength or band-gap energy of the 
transparency of the coatings, which means the cut-off points shifted to shorter 
wavelengths, or the band-gap to higher energies, as annealing temperature and time 
were increased, and the coatings were annealed in pure nitrogen (figures 8.6a, 8.6b 
and 8.6c). For example, the band gap shifted from 3.3eV to 3.49, which corresponded 
to the wavelength from 375nm to 355nm (Eg=hc/k =1240eV. nni/ knm) according to 
figure 8.6a. 
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Figure 8.7 VIS and IR range transmittance and reflectance of as-deposited and annealed 
ZnO: Al coatings 
Full spectral ranges (350-1700nm for the nkd8000) of transmittance and reflectance 
of ZnO: AI coatings both before and after annealing were measured, see figure 8.7. 
Besides the band gap shift or blue shift for the annealed coating, the transmittance 
within infra wave range began to decrease, e. g. the T+R was 0.98275 before 
annealing, and 0.861425 after annealing at 1700nni, which means the IR absorption 
increased. It is impossible to find out the plasma frequency point from figure 8.7, but 
it is reasonable to expect that the plasma frequency will move towards to shorter 
wavelengths after the annealing. 
Also, the refractive index, n, is lower than the n of standard zinc oxide bulk (2.0145 at 
550rim) within the visible wavelength range, and did not vary significantly after 
annealing (from 1.94 before annealing to 1.9 after annealing at 550nm). 
8.23 The electrical properties of annealed ZnO. Al coatings 
A detailed study of the influence of annealing time, temperature and atmosphere on 
coating resistivity has also been carried out, by using resistivity as the response of the 
Taguchi array when analysed using the ANOVA-TM software package. This gave the G, 
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level averages for each array factor at each level, shown in figure 8.8a. The level 
averages can also be calculated simply by adding the three results of the response for 
each factor at each level and then divide the sum by three. For example in table 6.3, 
the average response at level 3 for the factor 'annealing time' is found by adding 
together the resistivities of run 1, run 2 and run 3, then dividing by three, i. e. level 
average for time at level 3= (RI +R2 +R3) / 3. It can be seen in figure 8.8a that 1) the 
annealing temperature was the most important factor, the resistivity of the annealed 
coatings decreased significantly with the increase of the annealing temperature. The 
higher the temperature is, the lower the resistivity. Therefore the highest annealing 
temperature should be recommended; 2) Annealing atmosphere and time also affected 
the resistivity, but to a lesser extent; 3) The lowest resistivity of the coating was 
obtained in the pure nitrogen atmosphere. Oxygen in the annealing atmosphere should 
not be recommended in annealing atmosphere for the coatings deposited from 
ceramic oxide targets; 4) The annealing time should not be longer than 2 hours to 
achieve the low resistivity. The Taguchi analysis, therefore, predicts that, from the 
range of conditions tested, the operating conditions likely to produce the lowest 
coating resistivity (3xlO-392cm) would be an annealing temperature of 470'C for 2 
hours in pure nitrogen atmosphere. 
To confirm the Taguchi analysis results, further annealing treatment was carried out 
by changing only one of the three factors at a time for each process. Limited by the 
available samples, the samples used in these confirmation annealing runs were 
selected from previous annealed samples in Taguchi annealing runs. For example, the 
annealed sample at 270'C in pure nitrogen for 2 hour, from run 6, was cut into three 
and annealed at 360'C, 420*C and 4700C, respectively. The annealed sample from run 
8, annealed in pure nitrogen for I hour at 360'C, was cut into three and one of them 
was annealed in pure nitrogen at 360'C for 1 hour again, the other two at same 
temperature for two hours in different oxygen atmosphere. The annealed sample from 
run 9, annealed at 270'C for I hour at less oxygen atmosphere, was cut into three, and 
those three were annealed at 360'C at same atmosphere for 1,2 and 3h, respectively. 
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The results were slightly different, see figures 8.8b and c, which may be due to the 
annealing processes for the factors of time and atmosphere were not carried out at 
highest temperature and slightly affected by the previous annealing treatment. The 
resistivity decreased with the increase of annealing temperature at pure nitrogen 
atmosphere, and the increase of annealing time in low oxygen atmosphere. The rate of 
decrease of the resistivity became much slow after annealing two hours. The 
resistivity of the coating annealed in low oxygen was slightly higher than those of the 
coatings annealed in high oxygen and pure nitrogen atmosphere. Still, the temperature 
is the most significant factor, and the recommended annealing parameters were high 
temperature, pure nitrogen and certain long time. For example, the lowest resistivity 
of the ZnO: AI coating, 3xl 0-3 Qcn-i, was obtained after the coating was annealed at 
470'C in pure nitrogen for 2hours. 
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Figure 8.8: The variation in the resistivity of ZnO: Al (2wt%) coatings 
In general, annealing processes did not change the structure of the coatings, and did 
not deteriorate the coating-to -substrate adhesion. The transmittance of the coatings 
remained the same as those before annealing. The cut-off point of the coating 
annealed in pure nitrogen, at the highest temperature and for the certain long, i. e. 
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2hours, time had the biggest blue shift in the optical spectra, and most complete 
release of lattice strains. It is believed that the blue shift is due to an increase in the 
charge carriers in the annealed coating, and the release of lattice strains leads to the 
increase of the mobility of the charge carriers. Correspondingly, the resistivity of the 
same annealed coating was the lowest. 
8.3 Dopants and Their Concentrations in ZnO Coatings 
8.3.1 Composition and structures of doped ZnO coatings 
A combination of secondary ion mass spectrometry (SIMS) and Auger electron 
spectroscopy (AES) was employed to analyze the compositions of samples of zinc 
oxide coatings with 3at%Al. SIMS analysis was performed using 02+ primary ion 
bombardment and positive secondary ion detection, which is sensitive to metals, and 
particularly more sensitive to aluminium. than zinc, but not sensitive to oxygen. 
Therefore, the aluminium signal in figure 8.9a is higher than that of zinc and there is 
no oxygen signal. However, it can be clearly seen that the composition profiles are 
constant through the thickness of the coating. In order to study the zinc to oxygen ratio 
and estimate aluminium contents, the samples were also profiled using AES with 
argon ion depth profiling. Figure 8.9b shows the zinc and oxygen compositions 
through the thickness of the coating and their ratio. Again, it can be seen that the 
compositions of the coatings are consistent through the whole range of the thickness. 
The aluminium signal in AES was too small to be monitored in profiles, but an 
attempt was made to quantify the Al content about half way through the layer, which 
was found to be of the order of 2-3at%, see 8.9c. 
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Figure 8.10 Compositions of the coating deposited from Al: ZnO (3at%) target analyzed by 
XPS 
The XPS technique was also used to measure the aluminium doped zinc oxide coating 
produced from the ZnO: AI (3at%) target. Figure 8.10 shows the zinc 2p3 peak and 
aluminium 2s peaks, which are located around 1021.8eV and 117.9eV. and their 
sensitivity factors are 4.8 and 0.23, respectively. The ratio of aluminium and zinc of 
the coating is about 3.5%, which is roughly consistent with the composition of the 
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target. 
The compositions of gallium, indium and tin doped zinc oxide coatings were analyzed 
by the RBS technique. Because gallium and zinc are next to each other in the 
elemental periodic table, it is difficult to distinguish these two elements by this 
technique. After simulating the primary data to analyze the compositions of the 
coatings, deposited from zinc oxide targets with 3at% indium and tin, respectively, are 
2.5at% indium-doped zinc oxide and 3.2at% tin doped zinc oxide. Also, the through 
thickness compositions of the coatings are uniform. Figure 8.11 shows the RBS 
primary data of the indium-doped zinc oxide coatings and its simulating profile. 
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Figure 8.11 RBS data and simulating profiles of the composition of ZnO: ln coating 
The SEM micrograph of the fracture section of a typical doped ZnO coating is shown 
in picture 8.4. As can be seen, the coating appears to have a dense columnar, 
defect-free structure. There is no obvious difference between the structures of the 
coatings with different dopants. The thickness of the coatings, measured by the 
Dektak ST3, increased as the atomic size of the dopant elements increased, see table 
8.2 and picture 8.4, which means that the deposition rates were strongly depended on 
the dopant elements. Also, the thickness slightly increased with the increase of the 
doping levels, although there was an exception in 3at% Ga doped coating. The 
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resistivity of the doped coatings also changed as the changes of dopant elements and 
their concentrations, see table 8.2. 
Purc ZnO 
ZnO: Al 
ZnO: Ga 
Picture 8.4. The typical SEM micrograph ofthe fracture sections ot'doped ZnO coatings. 
Table 8.2: The analysis data of ZnO coatings with different dopants and their concentration 
Coating A &o Thickness 
(d, nm) 
Resistivity 
(p, Qcm) 
Tolerance of the Main 
peaks, * 10-3 Angstrom 
Unit 
Pure ZnO - 648 0.14 8.43/3 
1 680 3.0* 10 7.63/8.57 
ZnO: Al 3 750 1.95*1 0-1 5/10 
5 840 5.19* 10-3 6.3/6.3 
1 924 3.6* 10-' 15 
ZnO: Ga 3 826 2.9* 10-3 11 
5 958 3.5 5* 10--' 9 
1 851 9.6* 10-7, -- 11 
ZnO: ln 3 956 6.3 1 48/8 
5 953 - 
1 950 0.98 12 
ZnO: Sn 3 1100 0.72 56 
5 1036 2.25 89 
1 1226 1 116 
ZnO: Sb 3 1300 00 130 
5 1325 
Note: the data were measuredftom the annealed samples. The tolerances of the main peaks 
(Angstrom unit) were calculated by subtracting the standard lattice spacing values qf the same 
peaks from the practical lattice spacing data. 
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Figure 8.12 shows the effect of different dopants on the crystallinity of the coatings. 
The diffraction peak shifts and broadening can be seen clearly with the increase of the 
radiuses of the dopant atoms, though the intensities of the crystallite peaks are not 
comparable because the difference in coating thicknesses are significant, although the 
parameters, especially the deposition time, were the same in all the dopant runs. The 
tolerance column in table 8.2 presents the difference of the lattice spacings between 
standard zinc oxide lattice spacing of the (002) diffraction peak and those of the doped 
zinc oxide coatings prepared here. The tolerances of the lattice spacings from 
aluminium and gallium doped zinc oxide are much smaller than those from tin and 
antimony doped coatings. The reason of these shift and one reason of the broadening 
are the existence of lattice strains, which cause the deformation of the crystal lattices 
[ 139]. Therefore, it can be said that dopant atoms with larger radii can lead to more 
significant deformation of the lattices, shifts in the diffraction peaks and line 
broadening. 
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Figure 8.12 Diffraction spectra of zinc oxide coatings with different dopants 
The substrate-to-coating adhesion of the doped coatings were all in excess of 12N. 
under the conditions of continuous progressive load with 200 [tm diameter diamond 
stylus, except that the 5 at% In and Sb doped ZnO coatings fell off after annealing and 
could not be tested. Therefore, it seems that the concentrations of the dopants with 
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larger radii might affect the adhesion, which could be due to greater lattice stresses. 
8.3.2 Optical properties of doped Zn 0 coatings 
The transmittance of doped ZnO coatings are shown in figures 8.13a and b. Clearly, 
most of them averaged about 90% transmission within the visible range of 
wavelengths and none was lower than 80%. Moreover, the cut-off points of the 
transparent lines showed blue shifts, which correlated to the increase in the number of 
the charge carriers. One phenomenon which has to be mentioned is that the 
transparent line of the ZnO: Sn coating had a red shift instead of a blue shift. I 
Minami [6] and his colleagues pointed out that the red shift could be caused by the 
band-gap narrowing rather than the Burstein-Moss effect. But it is not fully 
understood why the phenomenon occurred. 
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Figure 8.13 Optical transmission spectra of doped ZnO coatings. 
8.3.3 The electrical properties of doped Zn 0 coatings 
The resistivities of the annealed coatings doped by Al and Ga did not show very 
much difference, but the resistivities began to increase, even to be too high to be 
measured by four-point probe, for the annealed coatings doped with In, Sn and Sb 
dopants, respectively (table 8.2). In fact, the smaller or more similar the radii of the 
dopant atoms to the host atoms are, the lower the resistivities of the coatings will be 
due to lower lattice deformations, which was showed in the structure section 8.3.1. 
On the other hand, the large radii and higher concentrations of the dopants 
probably cause greater deformation of the crystal lattices, resulting in higher 
coating resistivities. Moreover, three ZnO: AI samples were deposited without 
extra oxygen supply in the deposition atmosphere. The resistivities of these 
coatings were in the order of 10-2 -5xI 0-3 f2cm before annealing. These results 
cannot be explained at this time. 
The charge carrier concentrations and the Hall mobility of Al, Ga and In (3at%) 
doped ZnO coatings were measured by using an EGK 2000 Hall Effect 
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Measurement unit. All coatings measured were revealed to be n-type 
semiconductors. It was noted that the resistivities of the aluminium and gallium 
doped ZnO coatings, especially the ZnO: Al coating, measured by Van de Pauw 
technique were somewhat higher than those measured by using the Four-point 
probe, see table 8.3. This may be due to sample preparation problems experienced 
in the former case. It can be seen from table 8.3 that the aluminium doped films 
provided the highest carrier concentration and the gallium doped films gave the 
Mghest mobility. 
Table 8.3 Hall effect of the doped zinc oxide coatings 
Hall Effect ZnO: AI ZnO: Ga ZnO: ln 
Carrier concentration -1.35* 
1020 -9.0*10" -8.9*10" 
/CM3 
Carrier hall mobility 12.6 20.7 12 
cmý/V*s 
Resistivity 4.3* 10-3 3.4* 10-3 4.6* 10'2 
Ohm*cm 
Note: "- " means n-type 
Overall, the closer or smaller the size of the dopant atom to the host atom, at the 
correct concentration, the higher the charge carrier concentration and mobility, the 
larger the blue shift in the optical spectra, and the lower the resistivity of the coatings 
8.4 ITO Coatings 
For the ITO targets, the powder blends were mixed using the appropriate quantities of 
99.9% pure indium oxide and 99.99% pure tin oxide powders in a rotating drum for 
several hours. The mixtures investigated contained 5at/o and 1 Oat% Sn, respectively. 
Pure indium. oxide targets were also investigated for comparative purposes. The 
Pinnacle Plus supply was operated in current regulation mode (target current = 2A), at 
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a pulse frequency of 350kHz (62% duty). Sputtering was carried out under pure argon 
at a flow rate of 27sccm, and mixed argon (27sccm) and oxygen (I sccm) gases. The 
coating pressure was held at 0.24Pa by varying the chamber pumping speed, the run 
time was 15minutes, and the target to substrate separation was 170mm. Following 
deposition, the coatings were annealed at 450 OC for I hour under vacuo (2xl ON), 
considering the thickness of the coatings were much thinner than those of the ZnO 
coatings due to the shorter deposition time. 
8.4.1 Structure of ITO coatings 
Pictures 8.5a and b respectively show SEM micrographs of the fracture sections of 
typical examples of as-deposited and annealed ITO coatings, which were deposited 
onto glass substrates in argon and oxygen atmospheres at 350kHz pulse frequency, 
62% duty for 15min, and annealed at 4500C for I hour in vacuo. As can be seen, both 
have very similar dense columnar, defect-free structures. From these figures, it is 
possible to estimate that a deposition rate of 600 nm/hour was achieved. Independent 
of deposition conditions, or dopant level, the XRD spectra of the as-deposited 
coatings all show two main peaks, corresponding to the (222) and (400) reflections for 
In2O3 (see figures 8.14a and b, for examples). Figures 8.14a and b also include the 
XRD spectra for these coatings after annealing. Again, the same main peaks are 
present in all cases, but the peaks generally appear somewhat more intense and are 
sharper (i. e. smaller FWHM), which are more obvious in the case of the coatings 
deposited in mixed argon and oxygen atmosphere. This may be associated with a 
decrease in lattice strain and a more periodic arrangement of crystals [141], though no 
measurements have been made to confirm this. 
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8.14b 
Figure 8.14 0-20 XRD diffraction spectra for as-deposited (argon, argon and oxygen mixture 
atmosphere) and annealed (450'C for I hour in vacuo) ITO coatings. 
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8.5b 
MEW Picture 8.5 As-deposited (a) and annealed (b) SEM micrographs of the fracture sections of 
5at% tin-doped indiurn oxide films. 
8.4.2 The optical properties of ITO coatings 
Figures 8.15a and b show the optical properties of the ITO coatings in this study. The 
average transmittances of these coatings were 80-85% over the visible spectrum. 
Unfortunately, the cut-off wavelengths for these coatings fall outside the spectral 
range of the spectrophotometer used (350-1000nm), thus no direct information can be 
given on band gap energy. However it is apparent, in figure 8.15a that annealing the 
coatings has resulted in a shift in the cut-off point to shorter wavelengths. 
corresponding to an increase in band gap energy. For example, the extension of the 
curves in figure 8.15a showed the cut-off wavelength shifted from about 330nm to 
280nin, which corresponded to the band gap energy 3.79eV and 4.43eV, respectively. 
It is not clear that why the transmittances of some annealed coatings are lower than 
those of the others. The blue shift phenomenon in figure 8.15b is not obvious except 
for the coating with 5at% tin, of which the coatings were deposited in argon 
atmosphere. The coatings deposited in pure argon atmosphere may have sufficient 
oxygen vacancies in the lattices, and further oxygen deficiency caused by annealing in 
vacuo may lead to serious electron scattering due to the interaction between electrons, 
ions and lattice deformations. Therefore, the band gap enlarging caused by extra free 
electrons in the semiconductor might be minimized by the band gap narrowing due to 
the electron scattering mechanism, which means no obvious blue shift can be seen. It 
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can be seen in table 8.4 in section 8.4.3, that the number of charge carriers increased 
and their mobilities decreased from the annealed coatings deposited in pure argon. 
Overall, the coating with 5at% tin dopant deposited in argon and oxygen atmosphere 
showed the best transparency, which slightly decreased at wavelengths larger than 
870run. 
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Figure 8.15 Optical transmission spectra of ITO coatings 
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Figure 8.16 Optical VIS and IR spectra of ITO (5at%Sn) coating (deposited in mixed argon 
and oxygen atmosphere, annealed at 4500C for Ih in vacuo) 
It can be seen that the transmittance of ITO coatings decreased significantly over the 
NIR (near infra-red) spectral range, see figure 8.16, which means absorption begins to 
increase in this range. Also, the absorption of the annealed ITO coating is higher and 
begins at shorter wavelengths than that of as-deposited ITO coating. It can be 
explained that the charge carrier concentration increased in the coating after annealing 
treatment, which moved the plasma frequency to a shorter wavelength (refer to 
Chapter 3). 
8.4.3 The electrical properties of ITO coatings 
Table 8.4 shows the electrical properties of the as-deposited and annealed ITO 
coatings. In all cases, resistivities of 1.3xl 0-3gýCrn' or lower, were obtained, with the 
lowest values (4xl 0-4f2cm) generally being obtained for those coatings doped at 5at% 
Sn. It was noted that the resistivities of the coatings deposited under mixed argon and 
oxygen atmospheres were reduced following annealing, whereas the effect of 
annealing was much less clear for the coatings deposited in an argon only atmosphere. 
Indeed, in certain cases, annealing appears to have increased the coating resistivity. 
Carrier concentration and mobility data are also included in table 8.4. Although there 
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are no strong trends in these parameters with dopant concentration, mobility and 
charge carrier concentration increased in the coatings deposited in the mixed argon 
and oxygen atmosphere after annealing treatment, whilst both carrier concentration 
and mobility did not increase, and indeed, decreased in some cases, for the coatings 
deposited under pure argon. In general the highest carrier concentrations 
(_IOX, 020/CM3) were measured in the coatings doped with 5at% Sn, and the highest 
mobilities (-32cm2N. s) were observed in the undoped In2O3 coatings. 
The results presented here clearly show that the optical and electrical properties of 
ITO coatings are strongly influenced by deposition atmosphere, dopant content and 
post-deposition annealing. Within these experiments the best combination of film 
properties were obtained for coatings doped at 5at% Sn, followed by annealing in 
vacuo. 
Table 8.4: The electrical properties of indium oxide and ITO films prepared under various 
conditions. 
Resistivity, x10'30crn Carrier concentration, Hall mobility, cm'[V. s 
X1020CM-3 
ln203: M203: M203: M203: M203: ln203: 
M203 5at% 10at% M203 Sat% 10at% In2O3 5at% Sn 10at% 
Sn Sn Sn Sn Sn 
Argon 
only 0.9 0.4 1.3 x 5.3 4.6 x 17 12 
Annealed 1.1 0.7 1.1 1.9 9.6 7.2 31.8 16 8.6 
Ar + 
lsccm 212 0.9 0.8 0.001 2.0 3.5 0.4 25 23 
02 
Annealed 1.1 0.4 0.6 1.9 5.8 x 31 26 x 
Annealed at 450"C Ihour in vacuo 
oo - >20MD X- not measured 
161 
8.5 ITOIZA 0 Coatings 
To demonstrate the flexibility of the approach described here the technique has, 
therefore, been extended to multi-component target compositions. Blended powder 
targets were prepared by combining the optimum zinc oxide and alumina composition 
(3atO/o Al) from earlier studies [140,152-153], and the optimum indium oxide and tin 
oxide mixture (5at% Sn) from this study. The initial findings of the new TCO coatings, 
termed ITO/ZAO, are presented in this section. The deposition parameters and 
conditions are the same as those used for ITO coatings. 
8.5.1 Compositions and structure ofITOIZA 0 multi-component coatings 
The RBS technique was used to analyze the compositions of ITO/ZAO coatings. The 
results showed that the average ratio of zinc to indium. of the coatings were consistent 
with the compositions of their targets, but were not very uniform through out the film. 
This may be because the zinc oxide powders tended to accumulate together 
themselves other than mix into the indiurn oxide powder, and it took a long time to 
mix these blends uniformly. Therefore, not surprisingly, the compositions of the 
coating through thickness were not consistent, which means that the mixture 
technique has to be improved for these particular powders. Figure 8.17 shows the 
RBS data from the ITO/ZAO coating, deposited from the target with In: Zn =1: 4, and 
table 8.5 gives the composition of the film through the whole thickness. The Sn 
content was estimated by the content of Indiurn according to the composition of the 
target. The layer I to 3 was about the compositions of the film and layer 4 and 5, the 
compositions of the substrate. It can be seen that the content of indium in the coating 
reduces through the thickness and some zinc has apparently diffused into the glass 
substrate. 
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Table 8.5 The through thickness compositions of the ITO/ZAO film deposited from the target 
with In: Zn=1: 4 
--com. 2osition 
layeir'rý---, 
Zn 
, 
In 0 Al Sn si Na Ca 
Layer 1 1 0.25 1.4725 0.06 0.125 
Layer2 1 0.18 1.367 0.06 0.09 
Layer3 1 0.1 1.325 0.06 0.005 
Layer 4 0.4 2.6 1 0.4 0.1 
Layer5 2.6 1 0.4 0.1 
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Figure 8.17 RBS simulating result of the coating deposited from the target with the ratio of 
ln: Zn=1: 4 
The ITO/ZAO multi-component coatings had very similar structures to the ITO 
coatings. All were dense columnar and defect free: a typical example being shown in 
picture 8.6 (deposition conditions are summarised in the figure heading). Again, there 
were no differences discernible from SEM micrographs following annealing. Figures 
8.18a and b show the XRD diff-raction spectra of the ITO/ZAO coatings deposited 
under an argon atmosphere and under mixed Ar and 02 atmospheres. The spectra 
show a distinct shift from a ZnO-based structure to an ln203-based structure, as the 
indiurn content increases. At an In: Zn atomic ratio of 1: 4 the spectra reveal single 
peaks corresponding to the (002) ZnO, peak (20 = 34.5'), but shifted to higher d 
spacings. For the indium-rich coatings (In: Zn atomic ratio = 4: 1), single peaks 
corresponding to the (222) ln203 reflection (20 = 30.6'), but shifted to lower d 
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spacings, are observed. At intermediate compositions the spectra, which consist of 
single broad peaks lying between the (002) ZnO and (222) In2O3 peak positions are 
harder to interpret. This may be indicative of highly distorted lattice structures. 
However, it may also be indicative of the presence of the intermetallic compound. 
Zn3ln2O6, since the (0015) diff-raction peak for this material lies in this region and has 
been identified in other studies [129]. It is not clear why the intermetallic compound. 
Zn3ln2O6, appeared from the coatings deposited from the target with Zn: ln ratio 2: 3. 
Annealing may have resulted in marginally sharper, more intense peaks. but the etTect 
was not strong. 
Picture 8.6: SEM micrograph of the fracture section of an ITO/ZAO film (In: Zn atomic ratio 
= 4: 1), deposited in argon and oxygen atmospheres and annealed in vacuo at 4500C for I hour. 
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Figure 8.18: 0-20 XRD diffraction spectra for as-deposited (a) in mixed argon and oxygen; 
(b) in argon atmosphere and annealed (450"C for I hour in vacuo) ITO/ZAO coatings. 
8.5.2 The opticalproperties of ITOIZAO multi-component coatings 
Typical transmittance spectra of the ITO/ZAO coatings are shown in figure 8.19. At 
85-90%, the average transmittance within the visible spectrum of these coatings is 
somewhat higher than that obtained for the ITO coatings, see figures 8.19a, b, c and d. 
There is no big difference among the cut-off wavelengths of the as-depositcd coatings 
under argon and oxygen atmosphere (8.19a), but those of as-deposited coatings under 
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pure argon atmosphere move to shorter wavelengths as the indium contents in the 
coatings increase (8.19c). The cut-off wavelengths are longer than the ITO coatings, 
for all annealed coatings, but show a blue shift with increasing indium content, i. e. a 
shift to shorter wavelengths/higher band gap energies (8.19b and d). This 
phenomenon may draw the conclusion that indium tends to provide more charge 
carriers than zinc does under the same conditions, especially when there is an oxygen 
deficiency in the deposition or annealing atmosphere. 
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Figure 8.19: the transmittance of ITO/ZAO coatings 
9.50 
167 
8.5.3 The electricalproperties of ITOIZAO multi-component coatings 
The electrical properties of the ITO/ZAO coatings are shown in figure 8.20 and table 
8.6. The coatings deposited under mixed argon and oxygen atmospheres and then 
annealed were selected as being representative on this occasion (figure 8.21). As can 
be seen, these properties tended to improve, i. e. resistivity decreased, charge carrier 
concentration and Hall mobility increased, as the indium content of the coatings 
increased. This concurs with other studies [154], in which it is suggested that oxygen 
vacancies are the primary electron donors in the amorphous ITO/ZAO films and 
Zn. 2+/Sný+ co-substitution should produce donor - acceptor pairs in the material, 
consequently, not providing as many charge carriers as Sn4+ alone would [154-155). 
For example, the charge carrier concentration of ITO/ZAO coatings with Zn: ln ratio 
1: 4 were 4.2xl 020CM73' which is lower than those of the ITO coatings, 5.8xl 020Cmw3 , at 
the same deposition and annealing conditions (table 8.6). Not surprisingly, therefore, 
at &104f2cm, the ITO/ZAO coatings containing 80% indium showed the lowest 
resistivity. 
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Figure 8.20: The variation with In: Zn atomic ratio in the electrical properties of ITO/ZAO 
coatings deposited in argon and oxygen atmospheres and annealed in vacuo (450'C for I 
hour). 
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1: 4 2: 3 3: 2 4: 1 
Table 8.6 ITOZAO coatings resistivity, 10,3 Qcm(ZnO: Al (3at%) + ITO (5at%)) 
Composition 
Depo n 
co: 
nditi4ons""ý 4: 1 
Indiurn rich 
3: 2 2: 3 1: 4 
Zinc rich 
Ar only 0.7 1.5 4.5 5.8 
Annealed 0.6 1.2 3.8 4.3 
Ar +I SCCM 02 5.8 2.7 00* Go* 
Annealed 0.7 1.2 6.0 16.7 
Annealed at 450'C ]hour in vacuo 
oo* > 20MO 
In general, it is assumed that the electrical properties of the ITO/ZAO coatings are 
dominated by oxygen vacancies. The deposition conditions and post annealing 
conditions can be ad usted to produce these vacancies, therefore reducing the j 
resistivity of the coatings. In terms of transmittance, the optical properties of the 
ITO/ZAO coatings are superior to the ITO coatings. This improvement, though, is 
obtained at the cost of a small reduction in conductivity of the coatings and their 
band gap energies. Nevertheless, the results shown here suggest that ITO/ZAO will 
become a new promising TCO material, whose properties can be tailored to suit 
specific applications. 
8.6 Comparison of ZA 0, ITO and Multi-component ITOIZA 0 Coatings 
8.6.1 Structure ofZAO, ITO and multi-component ITOIZA 0 coatings 
All these three kinds of TCO coatings had similar dense columnar, defect-free 
structures both before and after annealing treatment as revealed by SEM micrographs 
in the above sections. ZAO and ITO showed their strong reflections in XRD spectra, 
(002) for ZAO and (400), (222) for ITO respectively, which indicated that they had 
crystalline structures. The multi-component ZAO/ITO showed a zinc oxide-based 
structure when zinc was rich in the coatings, and an indium oxide-based structure 
when indium was rich in the thin films. The intermetallic compound, Zn3ln206, Might 
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be present when the contents of zinc and indiurn in the coatings were similar. In all the 
coatings, annealing treatments have resulted the diff-raction peaks becoming sharper, 
more intense and closer to standard lattice spacings. Figure 8.21 shows the typical 
reflections of these three TCO annealed coatings. 
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Figure 8.21 XRD spectra of ZAO, ITO and ITO/ZAO annealed coatings 
8.6.2 Optical properties of ZA 0, ITO and ITOIZA 0 coatings 
Figure 8.22 shows the transmittance of three kinds of TCO coatings, which were 
deposited at the same pulse parameters (350kHz, 62%duty), pressure (0.2Pa) and 
atmosphere (27sccm Ar, I SCCM 02), and the same annealing processes (at 450"C for 
1-2hours in vacuo). The difference was that the deposition time of ZAO coating was 
Ihour and ITO, ITO/ZAO coatings 15mins. Therefore, the thickness of the coatings 
were different, with that of the ZAO coating being more than 600nm, ITO 150nm. and 
ITO/ZAO 140nm. 
The transmittance within the visible wavelength of the ZAO coating, at about 90% 
was slightly higher than those of the other two, of which the transmittance of ITO 
coating was lower within certain spectra. The interesting phenomenon was that the 
difference of the cut-off points of these three TCO coatings was obvious. with ZAO 
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the longest, ITO the shortest and ITO/ZAO between. 
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Figure 8.22 VIS transparency spectra of TCO coatings 
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8.6.3 Electrical properties of ZAO, ITO and ITOIZAO coatings 
Table 8.7 shows the electrical properties of these three TCO coatings. It can be seen 
that the ITO coating possesses the best electrical properties -- the lowest resistivity, 
highest charge carrier concentration and mobility. The electrical properties of ZAO 
and ITO/ZAO coatings are in the same order, although those properties of ITO/ZAO 
coatings depend on the indium to zinc ratio in the coatings (see section 8.5.3). 
Table 8.7: The electrical properties of ZAO, ITO and ITO/ZAO films 
Resistivity, Resistivity, Carrier Hall mobility, 
XIO-30CM XIO-30CM concentration, CM2 N. s 
Deposited in Ar Deposited in X1020CM-3 
Ar+02 
Before annealed before annealed before annealed before annealed 
ZAO(3at% 8 3.0 00 2.0 x 1.35 x 12.6 
Al) 
ITO(5at%S 0.4 0.7 0.9 0.4 2.0 5.8 25 26 
n) 
ITO/ZAO 
(In: Zn 4.5 3.8 00 6.0 x 0.67 x 15 
=2: 3) 
Annealed at 450'C Mour in vacuo 
oo - >20M. (2 X- not measured 
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In general, the optical and electrical properties of these three kinds of TCO coatings 
are concurrent with the semiconductor theory, i. e. the higher the charge carrier 
concentration and their mobility are, the lower the resistivity of the coatings are, and 
then the shorter the cut-off point of the transparent spectra are. 
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9. DISCUSSION 
The aim of the project was to prepare TCO coatings on glass substrate by the 'Salford 
methodology' - i. e. the combination of pulsed magnetron sputtering and closed 
magnetic field with powder targets. For this purpose, a special powder rig was set up 
and used all through this project. The characterization of the powder rig was described 
in Chapter 7, and the properties of TCO coatings prepared from this powder rig has 
been demonstrated in Chapter 8. Therefore, the discussion will be given to explain the 
reasons behind any trends found in these two chapters, in terms of magnetron 
configuration, pulsed power supply, deposition parameters, post-annealing treatment, 
the dopants and the properties of the TCO coatings. The conclusions will be then 
drawn from this discussion, and the recommendations for further work will be made 
following on the conclusions. 
This chapter will be divided into two parts. The discussion will be concentrated on the 
effect of the deposition methodology on the properties of the TCO coatings ill the first 
part. The discussion will then go to the relationships between the deposition 
parameters, post treatment, dopants and their concentrations, and tile properties of 
TCO coatings. 
9.1 Configuration of the Powder Rig and Sputtering Power Supply 
The influence of the magnetron configuration and power delivery mode (DC, or 
pulsed DC) on the characteristics of the plasma and the properties of the TCO 
coatings was described in Chapter 7. 
The powder rig was specially set up for use with powder targets. It incorporates an 
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unbalanced magnetron with a strong magnetic field (maximum 2.2kG), which is 
formed by rare earth magnets, and a dummy magnetron on top of the chamber to form 
a 'closed-field' system (refer to Chapter 4). The combination of this strong closed 
magnetic field with pulsed DC power supply performed very well on sputtering the 
oxide powder targets to produce good quality TCO coatings. One advantage of the use 
of pulsed DC is the neutralization of the built-up ions on the surface of the target by 
highly mobile electrons during the pulse-off phase, which means arcing events caused 
by a build up of ions can be suppressed. Therefore, no arcing or outgassing occurred 
during the pulsed magnetron sputtering. Arcing events only occurred when DC power 
was used to sputter the oxide powder target (Chapter 7 run 4 and 5). Since electrons in 
the plasma travel along the lines of magnetic flux, the stronger magnetic field can 
prevent electron losses from the plasma more effectively than a weak magnetron, 
therefore the sputtering of the target in a stronger magnetic field should provide a 
higher plasma density than in the weaker one. Furthermore, the higher field strength is 
also likely to reduce the ignition voltage required to strike a discharge with these 
poorly conducting targets. 
Speaking of the magnetron configuration, it has already been proven that the 
closed-field unbalanced magnetron configuration is superior to single unbalanced 
magnetron configurations in confining electrons in the plasma and transporting 
greater substrate ion currents. A previous study in Salford [65] showed that tile ion 
currents were 1,8.9 and 21.8A/mý in type 1, type 11 unbalanced magnetron 
configurations and closed-field unbalanced magnetron configuration, respectively, at 
the same operating conditions. As described in chapter 2, electrons in tile presence of 
a magnetic field tend to travel along the magnetic field lines, which means more 
electrons are confined in the plasma and are available to take part in ionization in the 
closed-field magnetron configuration. Therefore, a dense uniform plasma, which fills 
in the space between the target and substrate, can be created. Also tile plasma provides 
high ion to atom arrival ratio and high ion bombardment energy oil the growing film. 
In this project, closing the magnetic field with the dummy magnetron significantly 
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increased the ion current dm%vn at the substrate. 
It can be seen, in this project that: 1) the substrate ion currents and sclf-bias potentials 
in the double magnetron configuration are about double those in the single maglictron 
configuration at the same substratc-to-target separations (figure 7.2 and 7.3), which 
are the expected results according to the theory [139]; 2) The substrate ion currents 
are proportional to the target currents, and the coefficient of proportionality is larger 
in the double magnetron condition than that in the single case (figure 7.5); 3) Self-bias 
potentials are independent of the target current (figures 7.2). In the same magnetron 
configuration, the number of the secondary electron in the plasma, which cause the 
gas atom ionization, should be proportional to the target current. Therefore, the ion to 
atom arrival ratio will correlate to the target current. That is why high target currents 
lead to high substrate ion currents. On the other hand, the self-bias potential, which 
controls the energy of the ions incident at the substrate, is only dependent on tile 
magnetron configuration. Increasing the target current does not increase the ion 
energy, but only means a higher ionization ratio in the plasma. The substmte-to-targct 
separation strongly influences the substrate ion current and the self-bias potentials in 
both double and single magnetron conditions (Figures 7.4,7.2 and 7.1). Tile further 
away the substrate from the target is, the lower the substrate ion current and the 
self-bias potential are. This should be true because the longer the electrons travel in 
the plasma, the more the energy they lose, which in turn means fewer gas atoms will 
be ionised and the ion energy will be low. Therefore, both the substra, te ion current and 
self-bias potential decreased as the substrate-to-target separation increased. There is 
an important trend, which is that the self-bias potential decreases at a lower rate with 
increasing separation in the double magnctron condition, than in the single one. The 
idea of the formation of closed-field unbalanced magnetron is to provide a dense, 
relatively uniform plasma between the substrate and the target. In contrast, in single 
unbalanced magnetrons the plasma density is high close to the target and decreases 
significantly with increasing separation. Therefore, the loss of electron energy should 
be less in tile double magnetron condition at the same substrate-to-target separation 
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than in the single one, and the decrease of the self-bias potential is less with increasing 
separation. 
The ZnO: AI (3atO/o) films were prepared with different pulse parameter conditions. 
The effect of pulse parameters on the films is that the thickness of the film increases 
and density slightly decreases as the pulse frequency decreases and pulse duty 
increases. This is partly because the total deposition times ('pulse-on' factors) are 
higher at higher duty and low frequency. Also, research at UMIST [148-151] proved 
that the ion energy flux delivered to the growing film increases with increasing pulse 
frequency. Therefore, less energy is delivered to the growing film at lower pulse 
frequencies. This is why the films are thicker but less dense under these conditions. 
ZnO: AI films were also prepared by DC and pulsed DC (350k-liz and 62% duty) 
under both single and double magnetron configurations. The films deposited by 
pulsed DC with the closed-field configuration had the densest structures, and then the 
densities were lower for the films prepared by pulsed DC 'with a single unbalanced 
magnetronand DC with the closed-field configuration, and the most porous film was 
prepared with a single magnetron in DC mode, see pictures 7.3 and 7.4. This seems 
reasonable because it is believed, by researchers [17-19,148-151] who have studied 
the plasma of the closed-field unbalanced magnctron and pulsed DC power, that tile 
closed unbalanced magnetic field is able to form a uniform plasma further away from 
the target, and pulsed DC at high frequency is able to produce high energy ions in the 
plasma with high ion-to-atom ratio. Therefore, the energy delivered to the film was 
greatest when operating in pulsed mode in the closed field configuration, and least 
when operating in DC mode with a single magnetron. In the former case, the high ion 
bombardment caused high lattice strain and deformations in the films, indicated by 
the shift of the diffraction peaks away from default positions (see the figures 7.12, 
7.13 and 7.14). Also, it can be seen from the above figures that the lattice strains in the 
films were released after the annealing treatment, and the diffraction peaks shifted 
back closer to their standard positions, which in turn gave the charge carriers more 
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freedom to move within the crystal lattices, as discussed in Chapter 3. Therefore, the 
resistivities of the annealed films became lower to the order of 6-1.8x]0'3f)cm, 
although the resistivities of as-deposited coatings varied due to the different 
deposition conditions. The major influence of the magnetic field and power supply, 
though, is on the transparency of the films. The transmittance of the film prepared by 
DC power with unbalanced magnetic field was as low as 45% at 550nm, compared 
with those of 85-90% of the films prepared by pulsed DC within unbalanced and 
closed field magnetrons (figure 7.15). As detailed in Chapter 2, the density of thin 
films are less than those of the bulk materials. Generally, the denser the film is, the 
higher the refractive index is, and the closer it is to that of the equivalent bulk material. 
Porous films tend to show lower refractive indices, higher absorption cocfficient, and 
lower transmittances. 
The effect of substmte-to-target separation on the thickness and resistivitics of films is 
given in figures 7.10 and 7.11. It is already discussed above that both substrate ion 
current and self-bias potential decrease with increasing separation due to the energy 
losses while the electrons, and other species travel in the plasma. Therefore, the films 
were thinner, but also suffered less ion bombardment when the substrate was fixed 
further from the target. The resistivities of the films decreased as the separation 
increased after annealing treatment. Of course, the ion energy could be the reason for 
the differences in the resistivity because the high energy delivered to the film would 
lead to high lattice strains, but it is reasonable to expect that the difference would 
become less if tile annealing time were longer or the temperature higher, because long 
annealing treatments at high temperatures should help further release tile strain within 
the lattice and give high mobility to the charge carriers. 
9.2 Properties of TCO Films 
Three types of TCO coatings, i. e. aluminium-doped zinc oxide (ZAO), tin-doped 
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indiurn oxide (ITO) and the multi-component TCO combining ITO and ZAO 
(ITO/ZAO), were prepared, under varying conditions of deposition atmosphere, 
post-annealing treatment, dopants and their concentrations. The properties of these 
three types will be compared in the following section, which has been split into four 
sub-sections. 
9. Zl Deposition atmosphere 
It is known that the mean free path (k) of the species in a plasma is dependent on the 
pressure in the chamber. Also, it is dependent on the diameters of the species 
themselves at the same pressure and temperature. Tile larger the diameter of the 
species, the shorter the mean free path will be. For example, the mean free path of 
nitrogen, of which the diameter of a molecule is 3.7A, is 6.6 xI 0'2m at the pressure of 
0.11'a at room temperature, while that of argon, which has slightly larger diameter, is 
5.7 x 10-2m at the same conditions. In sputtering plasmas, most of the oxygen 
sputtered from the target should be in the form of atoms or ions. Let us assume that the 
diameter of an oxygen atom is half of an oxygen molecule, and it is similar to that of 
nitrogen. Therefore, the mean free path of an oxygen atom or ion at a pressure of 
0.21? a can be estimated to be larger than 13.2 x1 0'2rn, according to the formula: X= 
KT / 2lf27rd 2p (T represents temperature, p pressure and d the diameter of atom or 
molecule) P9], assuming the temperature will be not lower than room temperature. 
On the other hand, the mean free path of an argon atom or ion should be larger than 3 
x 10-2m at same conditions, but will not be as long as that of oxygen. The metals, such 
as zinc and aluminium, have even larger atoms or ions. Therefore, oxygen will be 
preferentially lost (pumped away, or adsorbed on chamber surfaces) during the 
sputtering processes. Therefore, extra oxygen has to be input to maintain the 
stoichiometry. Otherwise, the films will be grown in an oxygen deficient situation. 
For the purpose of demonstrating the properties of TCO coatings, the coatings were 
prepared under argon and oxygen mixture atmospheres and argon only atinosplieres. 
178 
The transmittance of the films deposited in the argon only atmospheres within the 
visible wavelength were similar to those of the coatings deposited in argon and 
oxygen atmosphere (see figures 8.2 and 8.15,8.19), although the one deposited in 
argon atmosphere looked a little metal rich when observed by the naked eye. Tile 
transmittance lines of TCO coatings as-deposited in argon only atmosphere showed 
blue shifts compared to those of the coatings as-deposited in argon and oxygen 
mixture gasses. Therefore, it can be inferred that the cut-off points of tile coatings 
as-deposited in pure argon should be shorter than those of in argon and oxygen 
atmosphere. For example, the band gap of ZnO: AI coating as-deposited in pure argon 
is about 3.54 compared to 3.3 (see figure 8.6) for coatings deposited in argon and 
oxygen. It is difficult to determine the band gaps of ITO due to tile limits of the 
spectrophotometry (350nm to 1700nm) used in this project. The resistivities of the 
as-deposited films were very different, with the films deposited in argon only 
atmosphere being about one order higher than the annealed films (see tables 8.4,8.6 
and 8.7), whilst the resistivities of the as-deposited films in argon and oxygen mixture 
gasses were too high to be measured by the four-point probe, with the exception of 
some ITO coatings. It is believed [12] that there are two ways to achieve the required 
low resistivity of TCO coatings: one is to create oxygen vacancies; the other is to add 
dopants, which provide extra charge carriers. Therefore, it can be said that the TCO 
films deposited in argon only atmosphere in this project were deficient of oxygen, 
creating more charge carriers in the films and thus demonstrating lower resistivitics. 
Moreover, the annealing treatments can result in blue shifts of tile transmittance 
curves and decrease the resistivities of the TCO coatings as-deposited in the argon and 
oxygen mixture gasses, which can be observed in the figures and tables mentioned 
above. The annealing treatments were carried out in vacuo, which may have 
contributed to the low resistivities by degassing the oxygen from as-deposited films to 
create more oxygen vacancies as well as increasing the charge carrier mobility by 
releasing lattice strains. In fact, the annealing treatments on the films deposited in 
argon only atmosphere may have created too many oxygen vacancies, which may 
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cause electron trapping by dangling bonds (refer to Chapter 3) [72,155]. As a result, 
the resistivities of those annealed indiurn oxide and ITO films were increased and the 
charge carrier mobility decreased, although the concentrations of charge carriers 
increased, see table 8.4. In general, both deposition in argon only atmosphere and 
annealing treatment in vacuo can create oxygen vacancies in the film, which in turn 
provide free charge carriers and lead to low resistivities for the coatings. On tile other 
hand, the number of oxygen vacancies must be controlled to a suitable level, 
otherwise it can cause an increase of the resistivities of the films and decrease of the 
charge carrier mobility. 
9. Z2 Annealing parameters 
The systematic study of the annealing parameters was carried out according to 
Taguchi experimental design. The study concentrated on the ZAO coatings. It is 
obvious that the annealing temperature is the main factor to achieve the required low 
resistivities. The resistivities decreased faster at relative high temperatures. The 
resistivities did not show significant changes until the annealing temperature was up 
to as high as 350"C (see figure 8.8), which meant that the lattice strains began to be 
released above this point. This should be true because the one aim of annealing 
treatment is to release the lattice strains, increase the crystallinity and uniformity of 
the grains, which can be seen from the XRD reflection peak- changes in figures 8.4 and 
8.5a and b. Also, a certain annealing time is required to achieve the low resistivity 
according to Taguchi analysis. The rate of change slows down or reverses after a 
certain time as the optimum values are reached. The results of the changes within the 
crystal lattices will lead to an increase in the mobility of the charge carriers by 
relieving the effect of electron scattering (chapter 3), which can be seen from the 
comparison of the pure indium oxide coatings as-deposited in argon and oxygen 
atmosphere and their annealed coatings (table 8.4). 
The annealing atmosphere is another important factor in the processes of achieving 
180 
the required low resistivities. Annealing in air effectively caused the coatings to be 
re-oxidized, and in turn lose their charge carriers, which means it is impossible to 
lower the resistivities. It has to be mentioned annealing can be carried out in air for 
some coatings prepared by Sol Gel processes [1], which may be due to the amorphous 
metal rich structures of these coatings. The annealing treatments under controlled 
reduced atmospheres showed that non-oxidizing annealing atmospheres provide a 
good means of lowering the resistivities of the coatings, which is believed to be due to 
the extra losses of oxygen from the films, and therefore more charge carriers are 
produced. This phenomenon corresponds to the blue shift of cut-off points in the 
optical analysis, as discussed in Chapter 3. On the contrary, the further degassing of 
oxygen from the coatings may cause more dangling bonds to tmp the charge carriers, 
which in turn lowers their mobility. This is why the resistivity of the ITO coatings, 
which as-deposited in argon only atmosphere, increased after being annealed in vacuo. 
Therefore, the results of the resistivities of the coatings annealed in different 
atmosphere (figure 8.8) may be explained as follows: the annealing process carried 
out under oxygen and nitrogen mixture atmosphere provided the chance for some 
oxygen degassing from the coatings and slightly increased the concentrations of 
charge carriers in the coatings, therefore the resistivities were reduced, but still 
remained relatively high, which corresponds to the blue shifl, see figure 8.6. Using 
nitrogen only in the annealing atmosphere caused a significant increase of the charge 
carriers. As a result, the resistivitics decreased. 
In general, there are two main aspects of the annealing treatment on the properties of 
the coatings. One is that the annealing treatments help to improve the uniformity of 
the crystal lattice, which results in an increase of tile mobility of the charge carriers. 
Tile other is that the annealing treatments, especially in reduced inert atmospheres, 
provide the chances of degassing the oxygen from the coatings, which ill turn results 
in the increase of the concentration of the charge carriers, also might cause the 
decrease of charge carrier mobility due to electron trapping. The resistivities of tile 
annealed coatings are dependant on the combined effects of both. 
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9. Z3 Dopants and their concentrations 
1. Hamberg and CG Granqvist detailed in their paper [72] that there were two opposite 
effects of adding dopants in a semi-conductor. First of all, the addition of the dopant 
provides more charge carriers and causes the merging of the dopant band with 
conduction band when the n-type semiconductor is heavily doped. Therefore, the 
band gap of the semiconductor is enlarged. On the other hand, there are several types 
of electron scattering (take n-type semiconductors as an example) which may 
influence the optical properties by way of narrowing the band gap of the 
semiconductor, such as electron-defect scattering, electron-lattice scattering and 
electron-electron scattering, 'whicli involve grain boundaries, external surfaces, 
neutral and ionized point defects, dislocations, precipitations, clusters, local 
deformation potentials etc. Many of them, except scattering against ionized impurities, 
can be neglected if the films are strongly crystalline. The ions are necessary because 
they produce free electrons in the films. Therefore, it is really true that the shift of the 
band gap of a doped semiconductor is dependent on the concentrations of charge 
carriers and the scattering mechanisms. 
The addition of the dopants of aluminium, gallium and indium, respectively into zinc 
oxide decreased zinc oxide's resistivity by different amounts by providing extra 
electrons, see table 8.2. Also, it can be seen in the column of tolerance of lattice 
spacing in table 8.2 that the lattice strains increased as the radius of the dopant atoms 
increased, which means that the influence of the electron scattering becomes more 
serious. Therefore, the resistivities of the coatings increased and the enlarging of the 
band gaps was small (figure 8.13a) compared to that of pure zinc oxide as the radius of 
dopant atoms increased. Dopant tin in zinc oxide is an exception, which caused the 
band gap narrowing - cut-off point red sliifl (figure 8.13b), and resistivitics of the 
films higher than that of pure zinc oxide. This might be due to complex electron 
scattering mechanisms dominating the band gap shifl. Sb-doped zinc oxide thick filnis 
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are normally used in sensors to detect some gasses, such as CI-14. So, we do not give 
the results of the explanation here, which is beyond the scope of this project - 
focusing on the optical and electrical properties of the TCO coatings. 
The effect of electron scattering mechanisms also is the results of the ITO coatings. 
The carrier concentration of the pure indium oxide coating is 1023M '3, and that of ITO 
coating after being heavily doped reaches the order of 1626 nf 3. The conduction band 
will merge with the dopant band and the band gap will be decided by the highest 
occupied states in the conduction band if the carrier concentration is larger than 6x 
1024nf3 [72]. For the ITO films deposited in argon and oxygen atmospheres, which 
have fewer oxygen vacancies and in turn the electron scattering was less important 
than those deposited in argon only condition, the trends are obvious, in that the 
concentration and mobility of charge carriers increased, whilst the resistivity 
decreased and band gap enlarged as the tin dopant was added into tile indiulil oxide 
films, see table 8.4 and figure 8.15a. 
Dopants in the semi-conductive coatings have to be at a suitable level, which means 
the electron scattering will not seriously affect the optical and electrical properties of 
the coatings whilst the dopants provide free charge carriers. It can be seen in table 8.6 
that all the electrical parameters, the resistivity, carrier concentration and mobility, of 
the 5at% tin doped indium oxide coatings are better than those of 1 Oat% ITO coatings 
after annealing. This is especially true for the coatings deposited in argon only 
atmosphere. It can be explained that the heavier doped films combined with the more 
oxygen vacancies in the 1 Oat% ITO coating deposited in argon only atmosphere made 
the effect of the electron scattering became more serious than the effect of the increase 
of charge carriers. 
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9. Z4 Comparison among ZAO, HO and multi-component TCO coatings - 
. 
ITOIZA 0 
The average transmittance in visible wavelengths of the aluminium-doped zinc oxide 
(ZAO) coatings is about 90% compared with about 85% for the tin-doped indiuni 
oxide (ITO) coatings. Also, the transmittances of the ZAO coatings are very stable 
through all the processes attempted during this project, whilst those of ITO are more 
variable; see figures 8.2,8.15 and 8.19 and 8.22. It is impossible to estimate the band 
gaps or cut-off points of the ITO coatings due to the limitations of the 
spectrophotometer used. But it is clear that the band gaps of ITO arc larger than those 
of the ZAO coatings, even the band gaps of indiurn oxide coatings prepared in this 
project arc larger than those of pure zinc oxide coatings. The ITO coatings show 
higher concentrations of charge carriers, lower resistivities (table 8.6) and shorter 
plasma frequencies (figure 8.16) compared with those properties of ZAO coatings 
(figure 8.7). Pure indiurn oxide coatings have better electrical properties than those of 
pure zinc oxide coatings. For example the resistivity of indiuni oxide coating can be 
I x1 0'3flcm, but that of zinc oxide coatings only 0.14Qcm. In fact, zinc has a stronger 
affinity with oxygen, because it has two valence electrons and stronger metallic 
properties, than indium, which has three valence electrons in its outer shell. So, 
indium. oxide should be more sensitive to the oxygen content in the deposition and 
annealing atmosphere. As discussed before, oxygen vacancies are one of main 
reasons for the creation of charge carriers in the coatings during the deposition 
processes, especially in argon only atmospheres, and in-vacuo annealing processes. 
Therefore, the oxygen vacancies will be more easily created in indiurn oxide than zinc 
oxide, which in turn means the charge carrier concentrations are higher in indiurn 
oxide than zinc oxide coatings, see table 8.6. 
Dopants in indium. oxide and zinc oxide take the same role - to provide free charge 
carriers, also creating the same side effect - electron scattering. The resistivities of the 
coatings arc dependent on the combined effect of both. 
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Until now, the multi-component ITO/ZAO coatings have not been mentioned, 
because their optical and electrical properties relied on their compositions, which are 
similar to those of ZAO coatings when zinc-rich; and similar to those of ITO coatings 
when indium-rich. One interesting phenomenon is the electrical properties, such as 
resistivities, charge carriers concentrations and their Hall mobilities, are only slightly 
worse (but still acceptable) than those of the ITO and ZAO coatings, even if the 
crystallinity of the ITO/ZAO coatings are not good (reflection peaks broaden, see 
figures 8.18). In fact, the structures of some of coatings (indium: zinc atomic ratio = 
2: 3 and 3: 2) may be amorphous or nano-crystalline (grain sizes of the order of a few 
nm), which is difficult to determine, or resolve by XRD or SEM and would need TEM 
to investigate this in the future. The reason for the slight changes of the electrical 
properties, such as the increase in resistivity (table 8.7), chould be due to the mixture 
of large amounts of different materials causing disorder in the crystal lattice, which 
increases the electron scattering effect. It has been noticed that the charge carriers in 
the multi-component coatings mainly come from the oxygen vacancies. Therefore, 
the resistivities of the indium-rich coatings are lower than those of zinc rich coatings. 
The optical properties of the ITO/ZAO coatings are also dependant on their 
compositions; see figures 8.19. Zinc-rich coatings generally have high transmittance 
within the VIS range. The transmittance of indium-rich coatings are not as high and 
stable as those of zinc-rich ones, presumably for the same reason as the indium, oxide 
coatings - the affinity of indiurn to oxygen is weaker than that of zinc to oxygen. 
Moreover, there should be more charge carriers in the indium-rich ITO/ZAO coatings, 
which is indicated by the fact that the cut-off points of the transmittance curves of tile 
indium-rich coatings are shorter than those of the zinc-rich coatings. 
In summary, there arc two ways to create charge carriers in tile TCO coatings prepared 
in this project. One is by adding suitable dopants, tile other is oxygen defliciency in the 
coatings. Both dopant levels and oxygen deficiency levels should be controlled, 
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because they also cause the electron scattering effect to lower tile mobility of the 
charge carriers. Some of the scattering mechanisms, such as the electron-to-ion 
scattering, cannot be avoided because they accompany the addition of dopants and the 
creation of oxygen deficiencies. That means the creation of charge carriers also 
creates the chance of electron scattering. Therefore, tile resistivities of the TCO 
coatings are the combined results of these two effects. 
The effect of electron scattering can be liberated by suitable deposition and post 
treatment processes, although it cannot be completely eliminated. The powder rig in 
Salford demonstrates its superior performance on preparing the TCO coatings with 
required properties. The closed-field magnetron sputtering combined with 
controllable atmosphere annealing makes the preparation of TCO coatings, with 
acceptable properties, from powder targets a reality. Furthermore, this rig has become 
a powerful development tool for the deposition of novel materials. 
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10. CONCLUSIONS 
1. Pulsed magnetron sputtering from powder blend targets is a viable, highly 
versatile technique for the production of TCO coatings. 
2. When oPemting in the closed field conf igumt ion, the satumtio n io n current at the 
substrate was double that measured in the single magnetron mode. 
3. SEM analysis showed that dense columnar, defect-free TCO coatings could be 
prepared in the powder rig by this combined sputtering technique. 
4. AES and SIMS, YPS and RBS analysis indicated that the compositions of the 
TCO coatings are consistent with those of their targets. Also, the compositions of 
the TCO coatings were uniform through the whole thickness of the coatings, 
except the compositions of the ITO/ZAO coatings. 
5. XRD analysis showed that ZAO and ITO coatings had strong crystalline textures. 
The reflection peaks shifled closer to their standard positions afler annealing. The 
crystallinity of the ITO/ZAO coatings were dependent on their chemical 
compositions, but their reflection peaks were generally broadened and the 
structure of some of the coatings were amorphous or possibly nano -crystal I ine. 
6. The properties of the TCO coatings are dependant on the deposition parameters - 
pulse frequency, duty and current, also the deposition atmosphere and the 
substrate-to-target sepamtion. 
7. Systematic annealing process studies were carried out according to tile Taguchi 
experimental arrays. Optimum annealing parameters were: annealing temperature 
no lower than 450C; annealing time no shorter than I hour; and annealing 
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atmosphere vacuo. 
8. The effects of post annealing treatment on the TCO coatings were the release of 
the lattice strains, increased crystallinity, and more importantly, creation of 
oxygen vacancies. Therefore, the concentration and mobilities of free charge 
carriers increased, which in turn appeared as an enlarging of the band gap of the 
TCO coatings and a decrease in their rcsistivities. 
9. Dopants are necessary in the TCO coatings, and there are two factors: to select the 
suitable dopant and control it at a certain level, to achieve the required optical and 
electrical properties. 
10. The aim of the addition of dopants in the semiconductors was to increase the 
concentrations of the free charge carriers. On tile other hand, too heavily doped 
semiconductors suffer from serious electron scattering effects, which lowers tile 
charge carrier mobilities, therefore increasing tile resistivities of the coatings. 
3at% aluminium in zinc oxide and 5at% tin in indium oxide coatings, prepared in 
this project by pulsed magnetron sputtering from powder targets, showed the 
lowest resistivities. 
11. The optical and electrical properties of TCO coatings are dominated by tile 
deposition and post annealing treatments. The combination of suitable deposition 
and post annealing processes are necessary to achieve the required properties of 
the coatings. 
12. The transmittances of the TCO, coatings were measured by spectrophotometry, 
and electrical properties by four-point probe and Van der Pauw's technique. The 
best results obtained for the ZnO-3at%Al coatings were resistivities of about 
2xlO"3Qcm, with average visible transmittances of 90%; those of the 5at% ]TO 
coatings were about 4xlO4f)cm with visible transmittances of 80-85%; mid the 
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resistivities and transmittances of ITO/ZAO coatings were between those of the 
ZnO: AI and ITO coatings, dependant on their cornpositions. 
13. The substrate self-bias potentials decrease with the increase of substrate-to-target 
separations, the rate of the decrease is slow in double magnetron configuration 
compared to that in single one. The substrate self-bias potentials are independent 
of the target currents. 
14. The substrate ion saturation currents increase with the increases of target currents 
and the decrease of the substrate-to-target separations. The ion currents are double 
in closed magnetic field comparison to those in single unbalanced magnetic field 
at the same substratc-lo-target separations. 
15. The thickness of the film strongly depends on the pulse parameters, which 
increases as the decrease of pulse frequency and the increase of the pulse duty, i. e. 
the increase of pulse on factor. 
16. The density of the coating strongly depends on the rnagnetron configuration and 
power supply - the film produced in closed magnetic field by pulsed DC power is 
the densest one, and the film produced in single unbalanced magnetic field by DC 
power is the most porous one among all the experimental runs. 
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H. RECOMMENDATIONS FOR FUTURE WORK 
1. Production of different coatings by utilizing the flexibility of the powder targets. 
The non-oxide coatings or metal coatings are strongly recommended because it 
will help to know if the air trapped among the loose target material will influence 
the properties of the coatings, or not. 
2. Production of multi-layer coatings. One of the applications of TCO coatings is to 
act as an electrode in certain electronic devices, such as photovoltaic solar cells. 
Therefore, it would be useful if the multi-layer coatings with desired properties 
can be produced from the powder targets. 
3. High temperature superconductive oxide films using powder targets. 
4. Further modifications of the rig are recommended. First of all, it will be much 
more efficient if a liquid nitrogen baffle can be used on top of the diffusion pump 
instead of the water cooling system. This will help in the production of super-pure 
coatings with high quality. Secondly, another two magnetrons can be installed in 
the bottom of the rig, which will allow the multi-layer coatings to be prepared 
during the same run without exposure of the coatings to air. 
5. Additional analytical techniques would be useful -TEM, for example. 
6. Analysis and comparison of the compositions of new and used targets. 
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App en dix I 
Investigation into Glass Substrate Cleaning Techniques 
Y. Zhou, A Postill and P Kelly 
Abstract: Cleaning techniques for glass substrates before PVD processing, 
both external and internal methods, are investigated systematically in this 
paper. To estimate the degree of cleanliness using scratch test method, a 
transparent semi-conductive coating was deposited by sputtering A1203 
doped ZnO powder target. The results of the scratch test are compared 
considering both the critical failure loads and styles. Finally, the cleaning 
methods of RF, along with HCI acid solution or 'Windolene', are 
suggested as the optimum techniques. 
1. Introduction 
Cleaning, in general, is considered to be the removal of sufficient amounts of 
contaminant to obtain the desired surface properties (1). The cleaning of glass is 
important in the process of Physical Vapour Deposition (PVD) in which a glass 
substrate is used, because the degree of cleanliness influences directly the adhesion 
between substrate and thin film. The effect of the cleaning methods is normally 
judged by experience, rather than by systematic analysis. Historically several 
different cleaning techniques have been used to prepare glass substrates in the Salford 
Surface Engineering Laboratory. Results have been variable. Consequently, in order 
to evaluate a range of different cleaning techniques a set of systematic experiments 
was designed to investigate cleaning techniques. The experiments were designed 
using the Design Expert 6 software. 
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Glass is made from a concentrated solution of oxides by melting controlled amounts 
of mixed raw materials (2). With suitable modifying oxides-Te02, V205, A1203ý 
M0037 W03 and Ti02, glass formers, such as Si02, B2039 P205, Ge02 and A1203, form 
glassy networks. Glass can be classified into soda-lime glass, borosilicate glass, 
phophosilicate glass, aluminosilicate glass and lead-silicate glass, etc. in terms of the 
compositions. Also, the composition of the surface of a glass can be different from 
that of the body, and corroded by the environment. Therefore, the contaminants on the 
surface of a glass substrate may come from the processes of glass manufacture, during 
storage, and all the processes before it is coated by a film. Contaminants, which 
interrupt the film formation process, may cover the whole surface such as oxide 
reaction layer or an adsorbed hydrocarbon layer, or be restricted to areas such as with 
soils and fingerprints (3). 
I Aqucous solvcnts I 
Cleaning methods 
External cleaning 
Organic solvents 
(Outside of the deposition Detergents 
Mechanical Movement of 
I Ion beam cleaning I 
Internal cleaning 
(Inside of the chamber) H--4 RF cleaning 
Laser cleaning I 
Figure I Cleaning methods 
The aim of glass cleaning is to reduce the contaminants to an acceptable level and 
improve the adhesion between coating and glass substrate. Figure I shows the 
different categories of cleaning methods available (4,5 and 6). 
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No one product is likely to satisfy all cleaning requirements. The cleaning agent must 
be matched to the contaminant, the substrate (the component or part to be cleaned), 
the cleaning requirements, and other performance and environmental constraints. 
Inorganic contaminants, referred to as hydrophilic, often dissolve effectively in water. 
On the other hand, hydrophobic organic contaminants tend to dissolve more 
effectively in organic solvents (1). Each cleaning process must cope with the 
particular requirement of the contaminant. The following factors should be 
considered: 1) glass composition, 2) contaminants that are undesirable, and 3) 
requirements of the surface of the finished part (7). For example, glass funnels can be 
cleaned by sulphuric acid-hydrogen peroxide mixtures effectively (8), silica-rich 
layer film can be obtained after boroaluminosilicate glass is cleaned by RCA cleaning 
(A hydrogen peroxide-based cleaning method developed by RCA laboratories) (9). 
The "Water break Test" and "Atomizer Test" can be used to evaluate the degree of 
glass cleaning (10). Also, scratch testing can be used to determine the adhesion 
between the deposited film and the glass substrate, which indicates the efficiency of 
cleaning. With a constant or continuously progressive load, scratch testing is 
performed by drawing a hard stylus over a coated sample. The failure point is 
deterniined by examining the scratch track under an optical microscope (11). Special 
signals such as the applied load, the friction force and the acoustic emission are 
recorded, these signals are used to indicate when a failure event has occurred. The 
critical load at failure point is normally used to compare the degree of adhesion of a 
film. 
2. Experiments 
The glass slides used in these experiments are soda-lime silicate, which are cut from a 
sheet of glass that has been vertically drawn in its molten state. To achieve the ground 
edge effect, the slides are bundled tightly and the edges are 'painted' with an etching 
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solution, followed by being washed in hot water and rinsed in distilled water before 
being dried by filtered air to remove minute fragments and residual chemicals. The 
composition of the glass slide is shown in table 1. 
Table I the composition of the soda-lime silicate glass slide 
Chemical 
I 
Si02 A1203 CaO MgO Na2O K20 B203 BaO Fe203 Analysi S 
Microscope 69.4 4.3 4.1 3.3 14.4 2.3 1.3 0.8 0.08 Glass as % 
Note: the seller provides the data above. 
The cleaning methods were chosen from those used in the Salford laboratory, and the 
systematic experiments were designed as follow. 
Table 2 the design for organic solvent cleaning runs 
Std. Run Block Factor I 
A: Cleaning type 
3 1 Block I IPA 
6 2 Block I ACETONE 
7 3 Block I METHANOL 
12 4 Block 2 CONTROL 
9 5 Block 2 METHANOL 
11 6 Block 2 CONTROL 
2 7 Block 3 IPA 
1 8 Block 3 IPA 
10 9 Block 3 CONTROL 
8 10 Block 4 METHANOL 
4 11 Block 4 ACETONE 
5 12 Block 4 AC TONE 
Note: Control -- no cleaning has been done on the surface of the glass slide. 
The best solvent was chosen according to the result from scratch testing to go into the 
next runs. 
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Table 3 design for other external cleaning runs 
Std. Run Block Factor I 
A: Cleaning type 
5 1 Block I Solvent +USC 
9 2 Block I Rouge +water +solvent 
12 3 Block I Windolene 
7 4 Block 2 Rouge +water 
16 5 Block 2 HCI 
2 6 Block 2 Windolene 
11 7 Block 3 Windolene 
10 8 Block 3 HCI 
1 9 Block 3 Rouge +water 
3 10 Block 4 Solvent +USC 
17 11 Block 4 Rouge +water 
4 12 Block 4 Control 
18 13 Block 5 Solvent +USC 
15 14 Block 5 Control 
6 15 Block 5 Rouge +water +solvent 
14 16 Block 6 Control 
8 17 Block 6 Rouge +water +solvent 
13 18 Block 6 Control 
Note: HCI-- The glass slide is cleaned by I Concentrated HCI acid +3 de-ion water, 
then rinsed by de-ion water, finally dried by acetone and air,, USC-ultrasonicjetting 
The best cleaning method and an alternate one from the external run were chosen for 
the internal (RF) runs. The internal runs were designed by using centre surface 
response from design expert DX6.5. The analysis result might tell the best region of 
combined parameters on the response surface. 
Table 4 design for RF cleaning runs 
Std. Run Type Factor I 
A: RF power 
(W) 
Factor 2 
B: Time 
(Min) 
5 1 Center 150 16.5 
4 2 Fact 250 25.0 
7 3 Center 150 16.5 
6 4 Center 150 16.5 
1 5 Fact 50 8.0 
3 6 Fact 50 25.0 
2 7 Fact 250 8.0 
8 8 Axial 10 16.5 
12 9 Center 150 16.5 
9 10 Axial 290 16.5 
13 11 Center 150 16.5 
11 12 Axial 150 29.0 
10 13 Axial 150 5.0 
14 14 Center 150 16.5 
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The films were deposited on the surfaces of cleaned glass substrates in the chamber 
using a powder target - Al-doped zinc oxide. Power was supplied by an Advanced 
Energy Pinnacle Plus Pulsed DC power supply, and plasma in the chamber was 
confined by an unbalanced magnetic field. The parameters of deposition, such as the 
current, interval between two current pulse and frequency of the power, as well as the 
distance between target and substrate, were kept constant. Also, the composition of 
the powder target was unchanged in order to make sure that all coatings were 
deposited under the same conditions, so that results of the scratch tests could be 
compared. 
The adhesion ofthe coatings was evaluated using a Teer ST-3001 scratch test machine. 
A 200grn diamond stylus was used for both the continuous progressive and constant 
loads. Critical loads were deterrnined according to the adhesive coating failure. Then 
the critical loads and the different failure styles of the scratch traces were compared to 
assess the adhesion of the films. 
3. Results andAnalysis 
3.1 Organic Solvent Cleaning 
Table 5 shows the critical loads of failure by scratch testing in the solvent runs. The 
failure styles can be seen in figure 4,5 and 6. 
Table 5 the critical loads (N) under single constant load condition of the scratch test 
in solvent runs 
Slide position on Cleaning methods 
the substrate control IPA Methanol Acetone 
Horizontal 13N 12N 13N 12N 
Right 13N 12N 13N 15N 
Lcft 12N 13N 12N 13N 
Average load (N) 12.7N 12.3N 12.7N 13.3N 
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The condition of the scratch test: Single constant load; Linear displacement 5mm; 
Diamond: 200, am radius 
Figure 4 the failure trace of the film on the surface of the control (non-cleaned) sample 
(under single continuous progressive load by diamond stylus) 
Figure 5 the failure trace of the film on the surface of the sample pre-cleaned by 
methanol 
(under single continuous progressive load by diamond stylus) 
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Trigg- A-Mic rý 
Ti=(s): 10.00 
PoRitim (ý): 1.67 
lAmd (N): 21.17 
F. "-, C-- (N). 0.14 
Amusbo ý (dB). 50.42 
WALAW, 
Figure 6 the fail trace of the film on the surface of the sample pre-cleaned by acetone 
(under single continuous progressive load by diamond stylus) 
From table 5, the critical loads of the three solvents and control did not show much 
difference except that one cleaned by acetone was higher (up to 15N). It may be 
explained that the glass slides used were in a fairly clean state as confirmed by the 
manufacturers report. On the other hand, the different failure styles from figure 4-6 
still indicate the positive effect of solvent cleaning on the adhesion of the coating to 
glass. The failure traces of the control and IPA cleaned films look similar in that the 
coating failed abruptly rather than gradually as with the acetone cleaned slides. The 
failure style of the sample cleaned by methanol is mixed. Therefore, acetone was felt 
to be slightly better than the other two solvents for glass cleaning and went forward 
into the external cleaning run. 
3.2 External Cleaning 
Table 6 shows the critical loads of failure by scratch test in the external cleaning runs. 
The failure trace of the coating cleaned by HCI can be seen in figure 7 and 8. 
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Table 6 the critical loads under single constant condition load of scratch tests in 
extemal runs 
Cleaning methods 
Slide position on Rouge-wa 
the substrate control 
Acetone- HCI windolene 
Rouge- 
ter-Aceto USC water ne 
Horizontal 12N I ON 12N 13N 13N 12N 
Right 12N 12N 13N I ON 12N 13N 
Left 14N 12N 
-- 
13N 13N 12N 14N 
Average load (N) 12.7N I I. 
iN t 
12.7N 12N 12.3N 13N 
The condition of the scratch test: Single constant load; Linear displacement 5mm; 
Diamond 200pm radiu 
Tim (. ): 8.55 
Pontion (mm): 1 ý43 
lýd ffl: 1 S. V 
F, i. ti- fý (M): 0.49 
Aýifio ýim (d13): 73 ý 
18 
Figure 7 the failure trace of the coating pre-cleaned by HCI 
(under single continuous progressive load by diamond stylus) 
Triggcrý. Acoustic Fmi"im 
Tý (a): II 
ýDi 
Poution (mm): 1.94 
Lýd (N): 
-3 
9.11 
Friction forcc (K): 7.11 
(d[l) 7? 60 
. 4' T. ý. 
Figure 8 the failure trace of the coating pre-cleaned by HCI 
(under single continuous progressive load by tungsten carbide stylus) 
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It can be seen from table 6, that the critical loads do not show much difference. It can 
also be explained that the glass slides that were used were in a fairly clean state. But 
the film pre-cleaned by HCI failed much more gradually, as shown in figure 7 and 
only cracks can be seen in figure 8, than that by other cleaning methods. 
Both HC1 and Windolene (PH = 5) are acidic and may be more effective in removing 
the sodium sulphate converted from sodium hydroxide due to sodium ions inigrating 
rapidly to the surface of the glass and reacting with any moisture present. The 
composition of 'Windolene' is not public knowledge, but its value for cleaning 
organic contaminants, such as print, is easily proved by experience. The principle of 
abrasive cleaning is rubbing mechanically on the surface of the substrate using fine 
abrasives (such as jeweller's rouge), which is useful to remove the extraneous 
contaminants. Low frequency ultrasonic cleaning depends on the jetting action of 
collapsing cavitation bubbles in contact with a surface to provide a high pressure jet of 
fluid against the surface (15). It is more effective to remove large loosely adhering 
particles than small (such as sub-micron range) absorbed contaminants. But in order 
to remove water-soluble contaminants and some organic contaminants, the substrates 
should be cleaned in a good detergent with ultrasonic jetting or scrubbed with an 
abrasive cleaner (16). Mechanical scrubbing is more effective than ultrasonic 
agitation for smooth glass surfaces. But the cleaning on the rough or porous surface 
should be assisted by ultrasonic agitation because jetting increases the rate of 
dissolving or emulsification of contaminants. In general, HCI and VV7mdolene were 
chosen to go forward into the internal cleaning run programme after due consideration 
of the principles of all external cleaning methods, the critical loads and failure styles 
of experiments, as well as the convenience of use of all cleaning methods. 
3.3 Internal Cleaning (RF Cleaning) 
Internal cleaning, also called plasma cleaning is the process in which ions, along with 
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electron bombardment, radiation from the plasma and energetic particle 
bombardment, remove adsorbed surface species (17). The effectiveness of plasma 
cleaning is well known, but problems, for example, of backscattering of sputtered 
materials to the surface, especially at high pressure, should be noted. Therefore, a low 
initial contarninant level should be achieved by external cleaning before the glass 
substrate goes into the chamber which is under a low pressure discharge and a high 
system throughput (18). In the cleaning tests, RF power at 13.5MHz frequency was 
used to create a glow discharge under a 1.0* 10-3 mbar pressure in an argon 
atmosphere. 
The RF cleaning results are showed in table 7. 
Table 7 Critical load (N) under single constant condition of scratch test in RIF 
cleaning runs 
Std. Run Type Factor I 
A: RF 
power 
Factor 2 
B: Time 
(Min) 
Response I 
Control 
(N) 
Response 2 
HCI 
(N) 
Response 3 
Windolene 
(N) 
5 1 Center 150 16.5 14.5 16.17 16.68 
4 2 Fact 250 25.0 14.73 14.78 13.87 
7 3 Center 150 16.5 13.84 14.93 13.93 
6 4 Center 150 16.5 13.82 15.26 13.91 
1 5 Fact 50 8.0 13.54 17.91 18.67 
3 6 Fact 50 25.0 1 13.45 15.66 16.86 
2 7 Fact 250 8.0 13.90 14.66 15.00 
8 8 Axial 10 16.5 12.01 12.89 12.91 
12 9 Center 150 16.5 14.78 17.44 16.88 
9 10 Axial 290 16.5 12.90 12.10 12.96 
13 11 Center 150 16.5 1 13.46 14.80 15.27 
11 12 Axial 150 29.0 13.79 16.77 16.80 
10 13 Axial 150 5.0 13.37 17.34 17.30 
14 14 Center 150 16.5 13.81 17.74 . 16.72 Average 13.71 15.60 15.55 
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Figure 9: the analysis of the internal RF cleaning 
The analysis by Design Expert 6.0 shows (figure 9)that the degree of cleaning or 
adhesion of the coating is not quite related to the RF power and sputtering time, i. e. a 
wider range of sputtering cleaning power and time can be chosen without significant 
effect on the cleaning results. Compared with the average critical loads of organic 
solvent cleaning and the external cleaning, that of RF were increased by about 34N 
except in control one, which indicates that RF cleaning is an effective cleaning 
technique. It is worth noting that the RF cleaning combined with HCI or Windolene 
cleaning is more effective than RF cleaning alone, whilst the critical loads shows no 
difference among HCI, Windolene and control cleaning in external runs. It is not clear 
why this happens, but one possible reason maybe that the HCI and Windolene 
cleaning helps some contaminants to become volatile and flush away from the 
chamber instead of back-scattering on the surface of the substrate. 
4. Conclusion 
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The effectiveness of any cleaning technique will be influenced by the nature of the 
contaminants present on the substrate. When selecting a substrate cleaning technique 
due regard should be paid to the presence of known or suspected contaminants. 
4.1 All the external cleaning methods examined do not show much difference in 
effectiveness. Therefore, HCI and Windolene are recommended because they are 
more convenient to use. External cleaning is still considered to be necessary in case 
the surface of the glass slide is contaminated. 
4.2 RF cleaning combined with HCI or Windolene cleaning is effective, and a wide 
range of RF and sputtering time can be used. 
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Appendix H Concepts in Semiconductor Physics and Optical Physics 
1. Concept ofSemiconductor 
Solid materials are classified into three groups according to their conductivity: 
conductors, insulators and semiconductors. 
Conductors, to which class most metals belong, have very large conductivities (e. g. 
copper has a conductivity of i ol o -1 rif 1). In conductors, atoms have only a few (one 
or two in most situations) valence electrons, which are not closely confined to their 
parent nuclei. The valence electrons form electron clouds and atoms connect with 
each other by metallic bonds. 
The second category is insulators, which have very large resistivities and are not 
conductive. Most non-metallic components, such as NaCl, are part of this group. 
Insulators normally consist of combinations of metallic atoms with no more than three 
valence electrons in the outer-shells and non-metallic atoms, which can accept less 
than three electrons to completely fill their outer-shells. Therefore strong combination 
forces, known as ionic bonds, are formed between two types of neighbouring atoms. 
Another kind of combination bond found in insulators is covalent bonds, in which the 
bonds are formed between non-metallic neighbouring atoms by means of sharing 
valence electrons around them, but valence electrons are confined firmly to their 
parent atoms. 
The third category, which is of relevance to this project, is semiconductors, which 
have relative low conductivities, such as silicon (10-2 0 -1m7 1)[2]. The forces between 
neighbouring atoms of semiconductors are also in the form of covalent bonds. The 
valence electrons in semiconductors are not as free as those in metals and not as 
closely bonded as those in insulators. Semiconductors behave like insulators at OK. 
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The conductivities of semiconductors can increase with increasing temperatures. 
Z Concept of band gap 
The conduction theory, which assumes that the free electrons behave as classical 
particles and are available all over the body of a material, can be used very well to 
explain the conductivity of a metal, but fails to explain the behaviour of materials with 
covalent bonds, such as semiconductors. Therefore, the so-called energy band theory 
was proposed, which successfully accounts for the differing electrical properties of 
conductors, semiconductors and insulators. It is suggested in the band theory that the 
energy of electrons is located only in allowed bands. The electrons within a particular 
allowed band can behave as free electrons and interact with externally applied fields 
to show the conductive property of a material. 
According to band theory, the electrons in an isolated atom only occupy discrete 
bands at different energy levels. Also, each energy level can only hold two electrons 
moving with opposite spins. The atoms in a solid are packed so closely that the energy 
levels are modified due to the overlapping of the electron orbitals between 
neighbouring atoms. Figure Al[l] shows a system of three atoms interacting, in 
which 5 represents a width of one-dimensional rectangular potential well, and r the 
separating distance between two atoms. It can be seen that the electrons occupying the 
same energy band in their individual atoms are separated in different energy bands. 
The larger the separating distance between the neighbouring atoms is, the closer the 
energy bands are. The bands unify to be one if the distance between two atoms is large 
enough that their interaction disappears, as in the case of isolated atoms. In the 
example, the band separations are clear, because it shows only the interaction of three 
atoms. In realistic systems, the number of interacting atoms in a solid is much higher 
(typically about 1Cý2Cm73). Therefore, it can be said that the electrons are 
quasi-continuous within one band. Figure A2 [1] shows carbon energy bands with 
varying inter-atomic spacing. When the distance between atoms, known as the lattice 
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constant, is large enough, the electrons stay in their bands as isolated atoms. The 
electrons begin to interact with each other and separate into variable energy levels 
when the lattice constant decreases. It can be seen from figure A2 that energy band 
splitting occurs and electrons possess energies in the allowed enerSy bands in the 
cases of (ii) and (iv), where the electrons occupy under the quasi-continuous or 
closely discrete situations. The space between two allowed energy bands is called 
forbidden eneqy band, in which no electron is allowed or able to stay. 
h2 
8m, 5' 
2 4h 
co 52 9- 8m 
h2 
9 imP 
Figure Al. Three-atom system: (a) possible wave-functions for the lowest energy 
states; (b) electron energy as a function of atomic separation 
(u: electron potential) 
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Figure A2 Energy bands for carbon with varying inter-atomic spacing. 
In general, the allowed electron energies in a solid are in bands, in which the electron 
energies are quasi-continuous, actually absolutely discrete. Bands are separated by 
forbidden energy regions, in which no electron is allowed to be accommodated. 
Again, taking the figure A2 as an example. It can be seen in the case (iv) that the 
electrons in the outer shell occupy the allowed band with a low energy level, which is 
called the valence band. The high empty allowed energy band is called the conduction 
band in which, in this case, also has a capacity of 4N electrons. Electrons in 
conduction band are relatively free and able to respond to the external electric field to 
contribute to a current drift. The forbidden region between two bands is referred as the 
forbidden band gap (or often so-called as 'band gap'). The magnitude of the gap is 
, 
), with units of electron-volts (eV). measured by energy, known as band gap energy (E. 
Band gap energy is an important physical concept in semiconductor field because it 
refers the essential energy for a semiconductor transferring the electrons from the 
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valence band to conduction band to take part in the conduction. 
There is a big different in band structure between metals and non-metals 
(semiconductors and insulators). It is found that in a metal the highest allowed energy 
band is only partially filled. The electrons occupying this band are free and can be 
shared by the atoms in the metal body. When an external electric field is applied, the 
electrons in the partially filled state can gain small amounts of energy and move to a 
nearby unoccupied state in the direction of the electric field. While on the other hand, 
the highest occupied state (at absolute zero) in a non-metallic material is separated 
from the lowest vacant state, which is empty, by the band gap. Without extra energy, it 
is impossible for the electrons to be elevated up into the vacant conduction state from 
the occupied valance state. Therefore the non-metallic material behaves as an 
insulator. 
When considering why a semiconductor has different electric properties from an 
insulator, it is very important to remember that electrons can gain energy from a 
temperature above absolute zero and therefore are not necessarily occupying the 
lowest possible energy levels. We can imagine that some electrons in the valance band 
may jump into the conduction band if the band gap is sufficiently small and the 
temperature is above the absolute zero (e. g. I OOK). Thus, the so-called semiconductor 
material is able to conduct current to some degree, but not as efficiently as a metal. 
3 Fermi energy level and the band gaps in metal, insulator and semiconductor 
Another key physical concept, which can help us to understand the difference 
between an insulator and a semiconductor, is Fermi energy level. Fermi energy level is 
defined as 'the energy for which the probability of electron occupation is equal to 
one-half in a metal'. This definition is not suitable to a non-metal at absolute zero 
because the probability of occupation is 1.0 at the valence band and 0.0 at the 
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conduction band, which means that there is no 0.5 probability of occupation. 
Considering this, it is assumed that: 
Fermi energy level is the position at the centre, of the band gap and can be expressed as 
follow, see figure A3 [I]: 
E- EF = Eg/2 ... eq (Al) 
In which EFdenotes Fermi energy and E the energy of the lowest energy state in the 
conduction band. 
Probability of 
occupying energy 
level, P(E) 
0 
conduction band 
Eg TK 
0 Eg/2 ----------------------------- -------- EF 
OK 
0 
valence band 
Figure A3 Position of the Fermi level in an intrinsic semiconductor 
In Fermi-Dirac distribution theory, it is considered that no two electrons in an atom 
can have identical quaturn numbers, which is called Pauli exclusion principle. This is 
an example of a general principle which applies not only to electrons but also to other 
particles of half-integer spin - Ferinions. Fermions incude electrons, protons and 
neutrons. The wavefunction which describes a collection of fermions must be 
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antisymmetric with respect to the exchange of identical particles. The fact that 
electrons are fermions is foundational to the build up of the periodic table of the 
elements since there can be only one electron for each state in an atom (only one 
electron for each possible set of quantum numbers). 
The Fermi-Dirac distribution can be expressed as: 
f(E) =Ie 
Eg /2kT 
+ 11-1 ... eq (A2) 
in which k is Boltzann constant; which equal to 1.38 * 10-23 m2kg S-2 K-1. 
Now let us consider the difference of the conductivity among metals, semiconductors 
and insulators, see figureA4. The electrons in a metal could occupy the top band or the 
highest two overlapping band partially (figures Ma and b), which allows them to gain 
energy from an external field easily. In an insulator (figure A4c), the band gap is about 
4eV, which is too large for electrons to gain enough energy to overcome it. The band 
gap of a semiconductor (figure A4d) is as small as I eV[3], that is why some of the 
electrons cold be excited into conduction band to contribute the current flow. 
Electron 
Conduction 
energy 
band 
Eg-4cV 
F 
\\MMMM=\\M\\MMM\M\' Ec 
Ey: ýIev 
,7 \, \\, 
-\, \, \N, \\\\\'\\\F valence m 
'N ýMMOM band 
ImINOM 
(a) (b) 
Sequence of fully (c) (d) 
occupied lower 
energy bands 
Figure A4 Schematic representation of the energy bands in various materials: (a) with 
partially filled valence band; (b) a metal with lapping partially filled bands; (c) an 
insulator; and (d) a semiconductor. 
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4 Band gaps in semiconductors 
In solid state physics, there is an expression for the relationship between electron 
energy E and wavenumber k [3]: 
E= U(x)dkx ... eq (M) 
in which x represents the electron position in one dimension, j is integer number. The 
expression is called E-k relationship or energy and momentum relationship because 
the momentum p= hk (h is Dirac's constant). There are two situations between the 
conduction bands and valence bands according to the energy-momentum or E-k 
relationship. One is the maximum of the valence band, which occurs at the same k 
value as the minimum of the conduction band. The band gap in this case is called 
direct band gap. The other situation is that the maximum valence band and minimum 
conduction band are not in the same step or k. Then the band gap is known as indirect 
band gap. Figure A5 [3] is a schematic representation of the typical direct and indirect 
band gap semiconductors. 
For a direct semiconductor, the electrons accommodated in the highest valence band 
can be elevated to the lowest conduction band with the minimum of energy (band gap 
energy) and there is no momentum change needed. Also, the electrons can transfer in 
the opposite direction by emission of photons without momentum change. In contrast, 
the electron transition not only needs the external energy as much as the band gap 
energy in an indirect semiconductor, but also requires a simultaneous momentum 
change, which comes from the lattice phonon vibrations. The classification of band 
gap of a semiconductor is important in its particular uses. For example, the direct 
semiconductors are favourable in solid-state lasers, while indirect one is not. 
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Figure A6 Relationship of E-k for real solids: (a) silicon (which has an indirect band 
gap) and (b) gallium arsenide (which has a direct band-gap). 
5 Refractive Index 
The behaviour of light entering a crystal is fundamentally controlled by the crystal 
structure. The refractive index (n) of a substance is defined as: 
n=V, /V eq. (A5) 
Where V, is the velocity of light in a vacuum, and V is the velocity of light in the 
substance. For our purposes we will assume that the refractive index of light in air is 
essentially the same as a vacuum, = 1. Light slows down when it enters a substance, so 
the refractive index will always be greater than 1. Most minerals have refractive 
indices between 1.32 and 2.40. 
6 Absorption 
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The Absorption is the "missing piece", when comparing the total reflected and 
transmitted energy with the incident energy. The ratio of the total absorbed radiant or 
luminous flux to the incident flux is called absorptance. Standard unit of absorptance 
is percent (%) or a factor between 0 andl. 
The fraction of light absorbed per unit distance in a participating medium is called 
absorption coefficient. Standard unit of the absorption coefficient is fraction per meter 
(i / 
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